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Zusammenfassung 
 
Das Ziel dieser Arbeit war die Charakterisierung eines biologischen Werkstoffes hinsichtlich 
seiner Mikrostruktur und seinen mechanischen Eigenschaften. Als Modellwerkstoff diente die 
Cuticula oder Schale des amerikanischen Hummers Homarus americanus. Sie besteht aus 
einer Matrix aus Chitin-Protein Fasern und ist wie fast alle biologischen Strukturwerkstoffe 
ein Nano-Verbundwerkstoff, der über mehrere Größenordnungen hierarchisch aufgebaut ist. 
In den harten Bereichen der Cuticula werden zusätzlich unterschiedliche Mengen von 
kristallinen und amorphen Calciumcarbonat zwischen den Fasern eingelagert. Ein weit 
verbreitetes Bauprinzip, das im hierarchischen Aufbau von biologischen Verbundwerkstoffen 
vorkommt, ist die so genannte „twisted plywood structure“. In der Hummerschale wird sie 
aus übereinander liegenden und sich gleichmäßig drehenden Lagen aus parallel angeordneten 
Chitin-Protein Fasern gebildet. Um die mechanischen Eigenschaften den Anforderungen auf 
der makroskopischen Ebene anzupassen, kann die räumliche Anordnung der Fasern und der 
Mineralgehalt variiert werden. Aufgrund des hierarchischen Aufbaus müssen die 
mechanischen Eigenschaften auf verschiedenen Ebenen untersucht werden, was essentiell ist, 
um den Zusammenhang zwischen Struktur und mechanischen Eigenschaften in 
mineralisierten biologischen Werkstoffen (auch bspw. Knochen und Zähne) zu verstehen.  
Um die mechanischen Eigenschaften auf der makroskopischen Ebene zu untersuchen, wurden 
miniaturisierte Zug-, Druck- und Biegeversuche zusammen mit lokaler optischer 
Dehnungsmessung (strain mapping) durchgeführt. Neben der Ermittlung von mechanischen 
Kennwerten konnten so auch Verformungsmechanismen in der Cuticula untersucht werden. 
Auf der mikroskopischen Ebene wurden die lokalen mechanischen Eigenschaften mittels 
Mikro- und Nanoindentation untersucht. Um die lokalen mechanischen Eigenschaften der 
Fasern in Abhängigkeit von ihrer Orientierung und ihrem Mineralgehalt zu ermitteln, stellt 
Mikro- und Nanoindentation eine ausgezeichnete Technik dar, welche erlaubt, kleine 
Volumen bei gleichzeitig hoher räumlicher Auflösung zu testen. Die Charakterisierung der 
Mikrostruktur umfaßte u.a. Rasterelektronenmikrokopie (REM) in Verbindung mit EDX 
(energy dispersive x-ray) sowie die thermogravimetrische Bestimmung des Mineralgehalts.  
Die ausgezeichneten mechanischen Eigenschaften und die Multifunktionalität von 
biologischen Werkstoffen macht ihre Untersuchung besonders interessant vom 
biomimetischen Standpunkt. Die Identifizierung von grundlegenden Bauprinzipien, die zur 
Effizienz von biologischen Werkstoffen beitragen, könnte zur Entwicklung neuer 
Verbundwerkstoffe mit vergleichbaren Eigenschaften beitragen.  
 V
Abstract 
 
The main focus of this study was the characterization of a mineralized biological tissue with 
respect to its microstructure and mechanical properties using the cuticle or shell of the 
American lobster as a novel model material. The cuticle of the lobster Homarus americanus is 
a nano-composite material like most structural biological materials. It consists of a matrix of 
chitin-protein fibers associated with various amounts of crystalline and amorphous calcium 
carbonate in the rigid parts of the body and is organized hierarchically on all length scales. 
One prominent design principle found in the hierarchical structure of biological fibrous 
composite materials is the twisted plywood structure. In the lobster cuticle it is formed by 
superimposing and gradually rotating planes of parallel aligned chitin-protein fibers. To adjust 
the mechanical properties to the requirements on the macroscopic level, the spatial 
arrangement and the grade of mineralization of the fibers can be changed. Due to the 
hierarchical structure, the mechanical properties of the lobster cuticle have to be investigated 
at different length scales which is essential for the understanding of the structure - mechanical 
function relations of mineralized tissues (e.g., potentially also bone and teeth).  
In order to investigate the mechanical properties on the macroscopic scale, miniaturized 
tensile, compression and bending tests combined with the digital image correlation method 
(strain mapping) were carried out to obtain global mechanical data and to examine underlying 
deformation mechanisms. On the microscopic scale the local mechanical properties were 
investigated by micro- and nano-indentation tests. To examine the underlying mechanical 
properties of the fibers depending on their orientation and their grade of mineralization, 
micro- and nanoindentation is an excellent tool which makes it possible to probe small 
volumes with high spatial resolution. Characterization of the microstructure included 
scanning electron microscopy (SEM) combined with energy dispersive x-ray (EDX) 
measurements and thermo-gravimetric analysis (TGA) for evaluating the grade of 
mineralization.  
The outstanding mechanical properties and the multi-functionality of biological materials 
make their investigation particularly interesting from a biomimetic viewpoint. The 
identification of essential structural features responsible for their efficiency may help 
designing artificial systems with similar properties.  
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1 Introduction 
 
1.1. Motivation 
 
Biological materials differ significantly form man-made materials in various aspects. They are 
the result of an optimization process driven by evolution over millions of years. In nature 
constraints such as the limited number of available elements and their synthesis at ambient 
temperature have to compromise with multi-functionality which is imposed on most 
biological materials. In order to fulfill the diverse requirements such as serving as a skeleton, 
biological materials feature various design principles. They range from the nano- to the 
macro-scale leading to the inherent design principle, the hierarchical organization found in 
these materials. Another characteristic design principle is that almost all biological materials 
are composite materials with complex but highly ordered microstructures. The bottom-up 
approach which is used by nature allows forming these well-defined microstructures on all 
length scales. Additionally, the use of templates and amorphous precursors allows governing 
the morphology and the orientation of each individual organic or inorganic component. 
Hence, the investigation of structural biological material like the exoskeleton of the American 
lobster Homarus americanus or other mechanically relevant structures like the bones of 
vertebrates and the shells of mollusks is particularly interesting from the viewpoint of 
materials science. The objective is to gain a better insight and understanding of the major 
design principles applied by nature and the structure - mechanical function relation. 
 
1.2 Biological materials  
 
The term “biological materials” is not well defined and can be used for all materials which are 
formed by nature. In contrast, the term “biomaterial” often refers to a biocompatible material 
which is a synthetic or natural material used to replace parts of the organism. Examples are 
artificial hips, vascular stents, or heart valves. Biomimetic materials are also not made by 
living organisms but their design, composition and properties may be inspired by them. 
Classical examples are the dirt- and water-repellent coatings based on the lotus effect, the 
contour of aircrafts resembling dolphins or ceramic coatings on implants imitating the bone 
structure. In order to classify a biological material more precisely, it is appropriate to 
introduce categories based on the function, for instance. One category of biological materials 
is soft tissues which include muscles, tendons, fat, blood vessels, and synovial tissues. The 
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complementary category is hard tissues, such as bone, tooth enamel or mussel shells, which 
are mineralized to provide rigidity to the structure. A more functional definition is given by 
the term skeletal tissue. Skeletons are structural units which give stability to the organism and 
are designed to carry loads. In vertebrates like fish, reptiles, amphibians, birds and mammals 
they are represented as an endoskeleton consisting of hard tissues like bone while in 
invertebrates like arthropods and mollusks they are formed as exoskeletons. Following this 
definition, plant bodies like wood may be considered skeletons as well.  
 
1.3 Components of arthropod cuticle 
 
Most skeletal tissues are composite materials which consist of an organic matrix reinforced by 
organic fibrils. Besides these completely organic composites, skeletal tissues may additionally 
contain variable amounts of biominerals leading to organic / inorganic composites. The three 
most common fibers in nature are collagen, cellulose and chitin. In arthropods which include 
crustaceans (crabs, lobsters, isopods), insects (wasps, bees, ants, beetles), arachnids (spiders, 
scorpions, ticks, mites), centipedes, millipedes and several lesser groups, chitin is the main 
fibrous component of the cuticle or exoskeleton.  
Chemically, chitin is a polysaccharide which is build up of N-acetyl- β-D-glucosamine units 
connected by covalent β-1, 4 linkages. It can also be considered a derivative of cellulose as 
merely one hydroxyl group of β-D-glucose unit is substituted with an acetylamine group (Fig. 
1 b, c). Compared to cellulose the N-acetyl- β-D-glucosamine units allow increased hydrogen 
bonding between adjacent chains. The formed crystalline chitin can appear as three different 
polymorphs which differ in the packing and polarities of the adjacent chains (Rudall, 1963). 
In the most abundant form occurring in nature, the chitin chains are arranged in an antiparallel 
fashion forming the so called α-chitin. The unit cell of α-chitin is orthorhombic with the 
dimensions a = 4.74 Å, b = 18.86 Å and c = 10.32 Å (Minke and Blackwell, 1978). The c axis 
corresponds to the axis of the chitin molecule backbone (Fig. 1 a).  
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Fig. 1. Chitin unit cell (a), N-acetyl- β-D-glucosamine units in chitin (b) and for comparison β-D-
glucose units in cellulose (c).  
 
 
While both chitin and cellulose are polysaccharides, collagen which is the principal 
component of tendon, bone and other tissues of animals is a large fibrous protein. The 
collagen molecule is characterized by a highly repetitive amino acid sequence (Prockop and 
Kivirikko, 1984; Prockop and Kivirikko, 1995; Yamauchi, 1996) which allows three 
polypeptide chains to fold into a triple-helical structure. A set of these chains coalesces to a 
nanofibril (Bigi et al., 1991; Fratzl, 2003). In contrast, cellulose forms nanocrystals up to 
several tens of nanometers in diameter arranged in thin microfibrils inside the plant cell walls. 
In arthropod cuticle the α-chitin crystallites are built by approximately 18 to 25 molecular 
chains. Their diameter is about 3 nm and their length amounts to about 300 nm (Neville et al., 
1976). The chitin crystallites which have a polygonal section contour are wrapped by proteins 
resulting in rod-shaped nanofibrils. In composite materials the properties of the interface 
between the matrix and the fibers are essential for the mechanical performance. For instance, 
imperfect bonding is likely to impede stress transfer between the matrix and the fiber which 
may lead to failure of the composite (Piggott, 1980). A possible spatial arrangement of the 
proteins around an α-chitin crystallite is a sheath of protein units in a six-fold helix (Blackwell 
and Weih, 1980) (Fig. 2 a, c). The bonding itself is due to a remarkable compatibility which 
was observed between chitin chains and protein chains in the β-extended pleated 
conformation. Every fourth amino residue of the acetylglucosamine coincides with every 
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sixth amino acid residue facilitating the formation of hydrogen bonds between the chitin and 
the protein at the coincidence points (Fraenkel and Rudall, 1947) (Fig. 2 b).  
 
 
 
Fig. 2. Arrangements of proteins around an α-chitin crystallite (a, c) and interaction between chitin 
molecule and protein folded as pleated sheet (b). 
 
 
The remaining organic matrix contains a considerable number of proteins which all can be 
characterized on four different levels. The primary structure is the amino acid sequence of the 
peptide chains (Fig. 3 a). The general three-dimensional form of local chain segments or 
motifs, like the alpha helix or the beta sheet is referred to as the secondary structure (Fig. 3 b). 
The tertiary structure is the three-dimensional structure of the whole protein molecule and the 
arrangement of several protein molecules is described by the quaternary structure (Fig. 3 c, d).  
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Fig. 3. Different levels in the organization of proteins referred to as primary (a), secondary (b), tertiary 
(c) and quaternary (d) structure.  
 
 
The cuticular proteins of insects and some crustaceans have been characterized 
electrophoretically and immunologically with respect to their amino acid composition 
(O’Brien et al., 1991; Skinner et al., 1992; Kummari and Skinner, 1993; Anderson, 1991). 
The amino acid composition reflects the overall amount of the different amino acids derived 
from a blend of different proteins and may be used for comparison or general interpretation. 
For instance, the amino acid composition of the lobster proteins resembles the composition of 
flexible cuticle from insects more than it resembles the compositions of solid insect cuticle 
which has been also reported for cuticular samples from other crustaceans (Kragh et al., 
1997). This might indicate that in the solid insect cuticle proteins are present which can be 
tanned for hardening while in crustacean cuticle these features are not essential as hardening 
is done by mineralization. In the mineralized cuticle of the shrimp Pandalus borealis, the high 
content of irregularly spaced praline residues could indicate that the conformation of the 
peptide chain is dominated by turns; the high content of glutamic acid and glutamine residues 
could be involved in binding of calcium ions (Jacobsen et al., 1994). The amino sequence was 
obtained for several cuticular proteins but their secondary and tertiary structures are still 
unknown. A prominent exception is collagen whose three peptide chains form a triple helix 
(Walton, 1975).  
 
1.4 Biomineralization in arthropod cuticle 
 
In mineralized tissues the organism implements variable amounts of biominerals into the 
organic matrix. Biominerals are produced under well controlled conditions and the process is 
referred to as biomineralization. The high degree of control allows the organism to form 
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phases which differ from their geological or synthetic counterparts in shape, size, 
crystallinity, isotopic and trace element compositions (Weiner and Dove, 2003). Biominerals 
also contain organic components which may act as templates, govern the formation and make 
most biominerals composites themselves. The most abundant biominerals are calcium-
containing carbonates and phosphates. Particularly, calcium carbonates represent the biggest 
group in terms of the quantities produced and their widespread distribution among many 
different taxa, i.e., crustaceans (Lowenstam and Weiner 1989). One of the eight known 
polymorphs of calcium carbonate is not crystalline but amorphous (Table 1). The amorphous 
calcium carbonate (ACC) exists in both the hydrated and the anhydrous form (Addadi et al., 
2003). The size of the calcium carbonate particles incorporated in the cuticle is in the range of 
several to tens of nanometers. A prominent example for a phosphate mineral is carbonated 
hydroxyapatite which is found in vertebrate bones and teeth associated with collagen.  
 
 
Carbonates 
Calcite CaCO3 
Mg-calcite (MgxCa1-x)CO3 
Aragonite CaCO3 
Vaterite CaCO3 
Monohydrocalcite CaCO3 · H2O 
Protodolomite CaMg(CO3)2 
Hydrocerussite Pb3(CO3)2(OH)2 
Amorphous Calcium Carbonate (ACC) CaCO3 · H2O or CaCO3 
Phosphates 
Octacalcium phosphate Ca8H2(PO4)6 
Brushite CaHPO4 · 2 H2O 
Francolite Ca10(PO4)6F2 
Carbonated-hydroxyapatite (dahllite) Ca5(PO4,CO3)3(OH) 
Whitlockite Ca18H2(Mg,Fe)2+2(PO4)14 
Struvite Mg(NH4)(PO4) · 6 H2O 
Vivianite Fe+2(PO4)2 · 6 H2O 
Amorphous Calcium Phosphate variable 
Amorphous Calcium Pyrophosphate Ca2P2O7 · 2 H2O 
 
Table 1. List of common biominerals and their chemical composition. 
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1.5 Structure and architectural features of arthropod cuticle 
 
A common principle in the design of structural biological materials is their hierarchical 
organization on all length scales. This principle is perfectly implemented in the cuticle 
forming the exoskeleton of arthropods. The different levels that are displayed in Fig. 4 are 
elucidated in the following paragraphs.  
 
 
Fig. 4. Schematic depiction of the hierarchical organization from the macro- to the nanoscale: the 
three layered cuticle (I) with its twisted plywood arrangement (II) of superimposed planes of parallel 
chitin-protein fibers arranged around the cavities of the pore canal system (III). The chitin protein 
fibers (IV) consist of bundled nanofibrils (V) containing protein wrapped anti-parallel α-chitin chains 
(VI) which themselves are built of N-acetyl-glucosamine molecules (VII).  
 
 
1.5.1 Exoskeleton 
 
One of the most well known characteristics of arthropods is their exoskeleton or cuticle. The 
exoskeleton represents a structural unit providing the organism’s body with stability, motility 
through the formation of joints and the attachment of muscles and a barrier to the 
environment. The cuticle also covers internal regions like tracheal tubes, sense organs and the 
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anterior and posterior parts of the digestive tract. The cuticle consists of an outermost 
epicuticle and an inner procuticle which is subdivided into the exocuticle and the endocuticle 
(Fig. 5). The integument comprises both the cuticle and the epidermis, a single layer of cells, 
which originally secretes the cuticle. The epicuticle is a thin waxy layer that provides a 
permeability barrier to the environment while the procuticle is the mechanically relevant layer 
(Hadley ,1986).  
 
 
Fig. 5. Illustration of the arthropod integument comprising the outer epicuticle, the exo- and 
endocuticle and the epidermis according to Hadley, 1986.  
 
 
1.5.2 Twisted plywood structure 
 
The procuticle is composed of narrow and long chitin crystallites that are embedded in a 
protein matrix (see above). Chitin-protein fibers with an average diameter of 100 nm contain 
50 to 150 of such nanofibrils in a bundle. The nanofibrils are separated from each other by 
distances ranging from 3 to 5 nm and are arranged in a more or less regular reticulated fashion 
and sometimes in hexagonal packing (Giraud-Guille, 1990). In mineralized cuticle the 
distance between individual chitin-protein fibers varies between 100 and 200 nm to allow the 
formation of biominerals for which a minimum spacing of 20 nm is required (Bouligand, 
1970). The fibers are arranged in a well-defined three-dimensional pattern referred to as 
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Bouligand structure or twisted plywood structure (Fig 6). Horizontal planes in which the 
fibers are aligned parallel to each other and to the cuticle surface are stacked successively on 
top of each other and rotated in a left-handed sense around the normal axis of the planes 
(Bouligand, 1972) (Fig 6 a). The stacking height of one plywood lamina can be defined as the 
distance in which a 180° rotation of superimposed planes is accomplished. The stacking 
height hst can be defined by the rotation angle α between two individual planes and the 
thickness p of one individual plane as follows: phst *
180
α
°= . Consequently, a reduction of 
the stacking height can be achieved either by increasing the rotation angle or by decreasing 
the thickness of the individual planes. When viewed in section in optical or electron 
microscopy this structure creates horizontal laminae whose thickness can vary from a tenth of 
a micron to several micrometers. In an oblique section, each lamina appears as a nested series 
of arcs (Giraud-Guille, 1998) (Fig. 6 b).  
 
 
Fig. 6. Schematic illustration of a single plywood layer (a) and twisted plywood structure or 
Bouligand structure (b).  
 
 
1.5.3 Mineralized cuticle 
 
In crustaceans the rigid parts of the cuticle are mineralized with calcium carbonate in the form 
of nano-sized calcite crystallites located in the spaces between the bundles of chitin-protein 
nanofibrils that serve as a scaffold (Lowenstam, 1981; Mann et al., 1989; Compère et al., 
1992; Giraud-Guille and Bouligand, 1995; Mann, 1995; Manoli et al., 1997; Dillaman et al., 
2005). Apart from the crystalline phase amorphous calcium carbonate may be incorporated 
(Raz et al., 2002; Becker et al., 2005).  
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1.5.4 Pore canal system 
 
Another structural feature observed in some arthropod cuticles is the pore canal systems. Pore 
canals are numerous fine extensions of the epidermal cells penetrating the cuticle 
perpendicular to the surface (Neville, 1993). The contour of each pore canal is lenticellate–
like, being flattened by the surrounding chitin-protein fibers. Spatially, each pore canal 
resembles a flat twisted ribbon turning in phase with the twisted plywood structure of the 
cuticle (Compère and Goffinet, 1987). The cuticle is usually thought of as a nonliving tissue, 
but the strong presence and the high density of extensions of the epidermal cells suggest that 
the cuticle might be a complex living tissue. The pore canal system likely serves as a transport 
system, for instance, promoting calcium transport during mineralization of the cuticle. The 
pore canals are in contact with the epidermis until the cuticle separates from the epidermis 
(apolysis), indicating that the cuticle is able to receive cell products throughout stages A to 
C4. In the American lobster the pore canals comprise about 20% of the volume of the cuticle 
and 50 – 90 canals emanate from each epidermal cell, leaving no part of the cuticle more than 
25 µm away from epidermal cytoplasm (Halcrow, 1976).  
 
1.5.5 Structural changes in crustacean cuticle during the molt cycle 
 
In order to grow arthropods have to shed their cuticle at regular intervals. The molt cycle can 
be divided into five stages (A - E), with further subdivisions within each stage (Fig. 7). The 
different stages are also referred to as postmolt (A1, A2, B1, B2, C1 to C3), intermolt (C4), 
premolt (D0 to D4) and the ecdysis or molting (E) (Drach and Tchernigovtzeff, 1967). The 
mineralization process is part of the postmolt period of the molt cycle and hardens the cuticle 
which is crucial for survival of the animal. Before ecdysis or shedding of the old exoskeleton, 
the new, non-calcified cuticle is deposited under the old one consisting solely of the epicuticle 
and the exocuticle (Drach, 1939; Travis, 1963). During the postmolt both layers are first 
tanned and then mineralized by nucleation of calcium salts and subsequent crystal growth. 
Once nucleated, a calcified structure may grow by either increasing the size of a single crystal 
by simple growth or by fusion of crystals from multiple nucleation sites (Simkiss, 1975; 
Giraud-Guille et al., 2004). The mineralization requires a persistent accumulation of calcium 
and carbonate ions (Addadi and Weiner, 1985). The third layer, the endocuticle, is 
subsequently secreted and mineralized (Krishnan, 1951; Travis and Friberg, 1963; Vacca and 
Fingerman, 1975). The formation of the fourth and final layer of the cuticle, the membranous 
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layer, completes the postmolt and marks the beginning of the intermolt period (Passano, 
1960).  
 
 
 
Fig. 7. Changes in the structure of the integument during the molt cycle. EPC, epicuticle; EXC, 
exocuticle; ENC, endocuticle; ML, membranous layer (the lower case labels identify equivalent layers 
of the new cuticle); e, epidermis; ct, connective tissue; bm, basement membrane; pc, pore canals 
(Aiken and Waddy, 1992).  
 
 
1.6 American lobster Homarus americanus 
 
1.6.1 Taxonomy 
 
Arthropods or joint-limb animals are the largest phylum of animals representing more than 
83% of all described species. They have evolved successfully for more than 500 million years 
into all shapes and sizes and are common throughout marine, freshwater, terrestrial, and aerial 
environments, as well as including various symbiotic and parasitic forms. Arthropods are 
characterized by bilateral symmetry, a segmented body, a hard exoskeleton, jointed legs and 
many pairs of limbs. They can be classified into five subphylum (chelicerates - spiders, mites, 
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scorpions, myriapods - millipedes and centipede, hexapods – insects, crustaceans - lobsters, 
crabs, barnacles), of which one is extinct (trilobites). 
 
1.6.2 Anatomy 
 
Our model organism, the American lobster Homarus americanus is a large crustacean 
belonging to the taxon Decapoda. The body of the lobster consists of two main parts, the 
cephalotorax and the abdomen (tail) (Fig. 8). The cephalothorax comprises the cephalon 
(head) and the thorax (the mid-section or body) which are covered by a hard shell termed 
carapace. The head bears sensory and feeding appendages, antennae and mouthparts; the 
thorax bears feeding and locomotory appendages, mouthparts and pereiopods (walking legs). 
The first pair of pereiopods evolved into large claws referred to as crusher claw and pincher 
claw according to their function. The crusher claw is used to crack the lobster’s prey while the 
pincher claw is used to hold the prey. The remaining four pairs of pereiopods are mainly used 
for walking and grooming (Vernberg and Vernberg, 1983; Horst and Freeman, 1993). The 
abdomen bears locomotory and reproductive appendages, pleopods (swimmerets) and the tail 
fan which is used for escape behavior when the abdomen is flexed rapidly.  
 
 
 
Fig. 8. Schematic drawing of the anatomy of Homarus americanus according to Carpenter, 2002.  
 13Introduction 
1.6.3 Life cycle 
 
The life cycle of Homarus americanus can be divided into an embryonic, larval, postlarval, 
early benthic, adolescent or juvenile and an adult phase (Fig. 9). In the embryonic phase the 
fertilized eggs are enclosed in egg envelopes and attached to the pleopods of the female. After 
hatching the prelarva undergoes a molt that results in the first larval stage (stage I). During the 
following two stages II and III changes of the external morphology can be observed. A variety 
of external and internal anatomical changes marks the metamorphosis to the postlarval stage 
(stage IV). While the larval stages are strictly planktonic, in stage IV the postlarval lobsters 
begin to take up the benthic existence which is a drastic change of the habitat. The sexual 
maturity marks the end of adolescent phase and the beginning of the adult phase.  
In the first year of its life, the young lobster molts about 10 times and reaches a length of 25 
to 32 mm. As lobsters grow older, they molt less and less frequently. A large lobster molts 
only once every few years which results in slower growth as the cuticle does not grow. An 
adult male lobster with a carapace length of 150 mm may have an average age of 15 years 
(Factor, 1985).  
 
 
Fig. 9. Schematic illustration of the life cycle of the American lobster (Factor, 1995) based on a 
drawing by R.E. Duggan (Harding, 1992).  
 14 Introduction 
1.7 Mechanical properties and testing of biological materials 
 
Biological materials cover a remarkably wide range of mechanical properties due to the 
diverse requirements which they have to fulfill in nature. A good overview about the 
mechanical properties of biological materials is given in material property charts that were 
introduced by M.F. Ashby. In Fig. 10 a material property chart is shown in which the elastic 
modulus is plotted against the density. The elastic modulus comprises five orders of 
magnitudes which emphasizes the enormous adaptability of biological materials. However, 
the density of the majority of biological materials varies around one 106g/m³ except for the 
group of natural cellular solids.  
 
 
Fig. 10. Material properties chart for biological materials plotting elastic modulus against density 
(both logarithmic scaled) (Wegst and Ashby, 2004).  
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Almost all displayed biological materials are composite materials which explains the wide 
range of their elastic properties. In contrast, some shown materials such as chitin, calcite or 
aragonite are bulk materials.  
A similar characteristic can be observed by plotting the yield or fracture strength against the 
density (Fig. 11). Interestingly, the same classes of biological materials occupy similar 
regions in both charts. A high elastic modulus seems to be connected with a high yield or 
fracture strength and vice versa.  
 
 
Fig. 11. Material properties chart for biological materials plotting yield or fracture strength against 
density (both logarithmic scaled) (Wegst and Ashby, 2004).  
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Generally, composite materials are composed of at least two constituents, such as fibers and 
matrix, and are intrinsically heterogeneous at the micro-scale. However, at the macro-scale 
composite materials can be idealized as a homogeneous material with effective integral 
mechanical properties. Their effective overall behavior is dependent on the mechanical 
properties of the individual constituents, and their interaction, such as relative volumetric 
ratios and micro-structural distribution of the individual constituents. Micromechanical 
models have been developed to understand the interaction of the components on the micro-
scale and link them to the mechanical behavior on the macro-scale. While in man-made 
materials the mechanical properties of the individual constituents are relatively easy to 
determine, in biological materials mechanical data of the individual constituents are often 
unknown or difficult to obtain. Consequently, the first step in deducing the mechanical 
properties of individual constituents of biological materials and their contribution to the 
overall mechanical properties is to determine integral mechanical properties of the bulk 
material such as elastic constants.  
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2 Investigation of the microstructure of the lobster cuticle 
 
Before performing mechanical tests on the lobster exoskeleton, several regions of interest 
with different biological functions were selected for investigation of their microstructure. The 
main emphasis was put on both claws being presumably suitable for mechanical testing due to 
their size and their functionality. Another area of interest includes the modified cuticle of the 
claws (chelipeds): the tooth-like area at the inner side of the crusher claw and its movable 
finger, as well as the articular membranes of the joints.  
 
2.1 Materials and Methods 
 
The characterization of the microstructure was carried out mainly by the use of scanning 
electron microscopy (SEM) and energy dispersive x-ray (EDX). Samples were prepared by 
drying and mounting them to aluminum sample holders. To obtain a conductive surface the 
samples were sputter-coated with 10 nm gold. The examination was carried out in a CamScan 
4 scanning electron microscope equipped with an Oxford EDX ISIS LINK system.  
 
2.2 Results 
 
2.2.1 Mineralized cuticle 
 
A major part of the lobster exoskeleton consists of mineralized cuticle. Like arthropod cuticle 
in general, the lobster cuticle consists macroscopically of the outermost epicuticle and the 
inner procuticle. The mechanically relevant layer is the procuticle which can be subdivided 
into the exocuticle and endocuticle. In order to investigate the microstructure of the two 
sublayers, cuticle pieces were dissected and broken to generate fracture surfaces at different 
angles. In Fig. 12 fracture surfaces of the exo- and endocuticle are shown in cross-section. 
The exocuticle can be seen as a 200 µm thick layer above the endocuticle (Fig. 12 b, c). Its 
lamellar structure appears finer than the one of the endocuticle (Fig. 12 c-e). At higher 
magnification, details of both layers become visible. A well known characteristic of arthropod 
cuticle is the twisted plywood structure or Bouligand structure which is also represented in the 
exo- and endocuticle of the lobster. It is formed by stacking planes of parallel arranged 
mineralized chitin protein fibers and rotating them around the normal axis of the cuticle. The 
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distance in which a rotation of 180° is completed can be defined as the stacking height of the 
twisted plywood structure.  
 
 
 
 
Fig. 12. Microstructure of lobster cuticle. (a) Morphology of H. americanus. Scanning electron 
micrograph (b) and schematic representation (c) of a cross-section through the cuticle showing the 
three structurally different layers: the thin, waxy epicuticle and the mechanically relevant exocuticle 
and endocuticle. (d, e) Chitin protein fibers are arranged in horizontal planes with their long axes all 
oriented in the same direction. Superimposed planes gradually rotate around the normal direction (nd) 
of the cuticle, creating a typical twisted plywood structure. The stacking height is lower in the 
exocuticle (d) than in the endocuticle (e).  
 
 
The mineralized chitin protein fibers rotate relatively gradually around the normal direction of 
the cuticle (Fig. 13 a). They have diameters between 50-250 nm and consist of clustered chitin 
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protein nanofibrils interspersed with nanoscopic spherical mineral particles (Fig. 13 b). The 
mineral phase comprises mainly amorphous calcium carbonate (ACC) but crystalline calcium 
carbonate might be also present.  
 
 
 
 
Fig. 13. Fracture surface showing one twisted plywood layer or Bouligand layer (bl). Pore canals (pc) 
which penetrate the cuticle in its normal direction (nd) are visible (a). Close-up view of the marked 
area showing exposed chitin protein fibers (b).  
 
 
Besides the twisted plywood structure a second design principle can be found in the lobster 
cuticle. Due to a well-developed pore canal system a honeycomb-like structure is generated as 
numerous canals penetrate the cuticle perpendicular to its surface (Fig. 14). Each pore canal 
contains a long, soft and probably flexible tube which has an elliptical-like outline with the 
long axis of the ellipse parallel to the fiber orientation in each plane. The lenticellate cross-
section of each pore canal is approximately 2 µm long and 1 µm wide. Along the normal 
direction or the canal axis the outer shape of each tube resembles a twisted ribbon due to the 
rotation of the twisted plywood structure.  
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Fig. 14. Obliquely fractured endocuticle showing feather-like appearance (dotted line) due to the 
twisted plywood structure (a). In the fracture surface parallel to the cuticle surface the rotation of the 
individual planes becomes visible (b). The mineralized endocuticle is penetrated by numerous pore 
canals (pc) which contain pore canal tubes (pct) (c). Broken wall between two adjacent honeycombs 
exposing chitin protein fibers arranged parallel to the faces (d). 
 
 
In order to evaluate variations in the microstructure of the mineralized parts of the 
exoskeleton, samples were taken from different parts and characterized by means of the 
thickness of the exo- and endocuticle and their stacking height. The acquired data for the 
exoskeleton are given in Table 2 and corresponding locations are marked in Fig. 15. 
Remarkably, the thickness of the exocuticle remains at the constant value of about 200 µm, 
while the thickness of the endocuticle is strongly increased to the millimeter range in some 
parts of the exoskeleton like the claws. However, the stacking height does not vary strongly 
for the different locations in the exoskeleton. In the exocuticle the stacking height amounts to 
about 9 µm and in the endocuticle to about 37 µm.  
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sample 
thickness 
exocuticle 
[µm] 
thickness 
endocuticle 
[µm] 
ratio 
endo- to 
exocuticle
stacking height 
exocuticle 
[µm] 
stacking height 
endocuticle 
[µm] 
cru dor 1 175 2584 14.8 9 40 
cru ven 1 226 2677 11.8 9 37 
cru dor 2 180 3762 20.9 9 42 
cru ven 2 219 3728 17.0 9 38 
cru dor 3 206 2346 11.4 10 40 
cru ven 3 219 1896 8.7 9 35 
cru dor 4 196 1635 8.3 7 38 
cru ven 4 173 1956 11.3 11 42 
pin dor 1 179 1671 9.3 10 36 
pin ven 1 183 1599 8.7 11 33 
pin dor 2 165 2733 16.6 8 45 
pin ven 2 213 1771 8.3 9 37 
pin dor 3 225 1616 7.2 9 36 
pin ven 3 148 1135 7.7 10 40 
pin dor 4 218 2532 11.6 8 32 
pin ven 4 216 796 3.7 11 22 
car dor 296 249 0.8 8 19 
abd dor 319 293 0.9 12 19 
tel dor 266 108 0.4 11 - 
 
Table 2. Overview of the thickness and stacking height of the exo- and endocuticle. The sample 
locations are displayed in Fig. 15. Samples were taken from the crusher (cru) and the pincher (pin) 
claw, the carapace (car), the abdomen (abd) and the telson (tel) on both the dorsal (dor) and ventral 
(ven) side of the lobster’s body.  
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Fig. 15. Dorsal (dor) and ventral (ven) view of the American lobster. The locations for measuring the 
dimensions of the cuticle are indicated by the arrows. Eight locations were selected on the crusher 
claw (cru) and on the pincher claw (pin), further samples were taken from the carapace (car), the 
abdomen (abd) and the telson (tel).  
 
 
2.2.2 Non-mineralized cuticle 
 
The cuticle covers the whole body of the lobster. Hence, it must be modified in-situ to fulfill 
the various local requirements. The articular membranes of the joints and the membranes 
covering the ventral side of the abdomen are soft and flexible in contrast to the load bearing 
rigid parts of the cuticle. To investigate the microstructure, a lateral cut was prepared from the 
joint connecting the crusher claw and its movable finger. After polishing a qualitative energy 
dispersive x-ray (EDX) mapping for calcium, magnesium and phosphor was carried out (Fig. 
16). In the calcium mapping the sharp interface between the mineralized cuticle and the 
obviously non-mineralized membrane is clearly visible. At the interface between the exo- and 
endocuticle a slight increase in calcium concentration can be observed (Fig. 16 c). 
Noteworthy is the presence of small amounts of phosphor and magnesium in the membrane 
and the increased concentration of both elements in the exocuticle (Fig. 16 b, c).  
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Fig. 16. SEM image (a) and qualitative EDX mapping of phosphor (b), calcium (c) and magnesium (d) 
at the interface between mineralized exo- and endocuticle and non-mineralized articular membrane. 
 
 
The microstructure of the membrane differs significantly from the one of the mineralized 
cuticle. The fracture surfaces of dried membranes reveal fine thready chitin-protein fibers 
arranged in the twisted plywood structure (Fig. 17 a). The stacking height of the individual 
layers amounts to approximately 1 µm compared to 9 µm and 38 µm in the mineralized exo- 
and endocuticle, respectively. Indicative is the absence of pore canals and pore canal tubes 
which are distinct features of the mineralized cuticle (Fig. 17 b). This observation supports the 
idea that the pore canal system plays an important role as transport system during the 
mineralization of the cuticle.  
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Fig. 17. Fracture surfaces of dried membrane showing chitin protein fibers arranged in a twisted 
plywood structure (a). Pore canals or pore canal tubes are not visible (b). 
 
 
2.2.3 Highly mineralized cuticle 
 
Another example for modified cuticle is the tooth-like areas at the inner side of the crusher 
claw and its movable finger which are used by the lobster for crushing its prey. The exocuticle 
that has a continuous thickness of approximately 200 µm in the rigid parts of the exoskeleton 
is enlarged to a thickness of up to 2 mm in the tooth-like areas (Fig. 18 a). A qualitative EDX 
mapping reveals differences in the local composition of the cuticle with respect to the 
calcium, magnesium and phosphor concentration (Fig. 18 b, c). The interface between the 
endocuticle and the tooth-like region is clearly visible in the element maps for calcium and 
phosphor while the magnesium concentration appears homogeneous. The concentration of 
phosphor is increased in the area of the endocuticle underneath the tooth-like region and in the 
exocuticle which is adjacent to the tooth-like region. A slightly higher concentration of 
magnesium can be observed in the exocuticle similarly to the qualitative EDX mappings of 
the membrane – cuticle interface (comp. Fig 16). In contrast, the calcium concentration is 
increased in the tooth-like region but an increase from the endo- to the exocuticle is not 
noticeable.  
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Fig. 18. SEM image (a) and qualitative EDX mapping of phosphor (b), calcium (c) and magnesium (d) 
at the interface between exo- and endocuticle and the higher mineralized tooth-like region of the 
crusher claw.  
 
 
The investigation of the microstructure reveals some differences between the endocuticle and 
the tooth-like region. In the endocuticle the stacking height of the twisted plywood structure is 
about 30 µm compared to 10 µm in the exocuticle (Fig. 19). Generally, the exocuticle appears 
more dense and bulky than the endocuticle. This impression is partly caused by the narrowing 
of the pore canals from the endo- to the exocuticle. Also the pore canal tubes seem to be 
thinner in the exocuticle (Fig. 19 b, d).  
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Fig. 19. Microstructure of the exocuticle (a, b) and the endocuticle (c, d) in the tooth region of the 
crusher claw. The structure in the exocuticle appears more dense and bulky compared to the 
endocuticle. Individual Bouligand layers (bl) of the twisted plywood structure are visible in both 
layers. The pore canals which are indicated by the arrows (pc) are slightly narrower in the exocuticle 
(b) than in the endocuticle (d). Exposed pore canal tubes can especially be seen in the endocuticle (d).  
 
 
2.3 Discussion 
 
The exoskeleton or cuticle of the American lobster is a sophisticated functional unit which is 
well adapted to particular local requirements. The prevalent structural motif found in the 
lobster cuticle is the twisted plywood or Bouligand structure (Fig. 12) that is characteristic for 
arthropod cuticle and hence is also present in other crustaceans such as crabs (Bouligand, 
1970; Giraud-Guille, 1998) or in insect cuticle (Vincent and Wegst, 2004). Due to the twisted 
plywood structure, series of arcs can be often observed in oblique sections of the cuticle 
(Bouligand, 2007) (Fig. 14 a). In the rigid parts of the cuticle the American lobster possesses a 
well developed pore canal system that results in a honeycomb-like structure (Fig. 14). Inside 
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the numerous pore canals one can find pore canal tubes that presumably originate from the 
cells underneath the cuticle. At the interface between the endocuticle and the exocuticle the 
pore canal tubes seem to branch out and narrow increasing their density in the exocuticle. In 
the flexible parts of the cuticle such as the articular membranes the pore canal system is 
absent which supports their role as transport system for the biomineralization of the lobster 
cuticle (Roer and Dillaman, 1984). Qualitative EDX maps of calcium and magnesium 
revealed the different grades of mineralization of the cuticle. The flexible membranes found at 
the joints of the claws are non-mineralized while the adjacent rigid cuticle is mineralized. The 
interface between both regions is clearly visible and is characterized by a drastic drop of the 
grade of mineralization (Fig. 16). Nevertheless, the transition between both areas is smooth 
and seamless. A similar distinct interface can be observed between the endocuticle and the 
exocuticle. While the change in the grade of mineralization is less pronounced, the stacking 
height of the twisted plywood layers is three times smaller in the exocuticle than in the 
endocuticle. The thickness of the exocuticle remains constant at about 200 µm while the 
thickness of the endocuticle differs according to the mechanical loading conditions. The 
exocuticle is the first layer which is deposited before shedding the old cuticle and is likely to 
be mineralized first afterwards giving the exoskeleton an initial sufficient stability which is 
needed for motility. Subsequently, the endocuticle can be mineralized and its thickness can be 
increased in regions where high mechanical loads occur. However, in the tooth-like regions of 
the crusher claw the exocuticle reaches a thickness of up to several millimeters and is higher 
mineralized than in the other parts of the lobster (Fig. 18). The reinforcement in these areas 
might be necessary considering their biological function to crush the lobster’s prey, i.e., 
mollusks.  
The correlation between the microstructure and its individual design principles (twisted 
plywood structure, honeycomb-like structure, grade of mineralization and hydration) and the 
mechanical properties and behavior will be investigated in the following chapters using the 
cuticle of the American lobster as a model material.  
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3 Investigation of the macroscopic mechanical properties 
 
3.1 Materials and Methods 
 
3.1.1.1 General aspects 
 
Standardized methods for the investigation of mechanical properties of materials require 
specific geometry and certain well defined minimum dimensions of the test specimens. 
Standard methods of mechanical testing can not be applied to the lobster cuticle due to its 
size, thickness and morphology, but it is suitable for miniaturized mechanical testing.  
Owing to the complex hierarchical internal structure of the cuticle with its different structural 
components and probably different micromechanical mechanisms that may occur at different 
length scales (Gao et al., 2003), such mechanical experiments should ideally fulfill two 
criteria. First, they should be capable to map integral mechanical data at the macroscopic 
scale and yet, should at the same time be fine enough in dimension to inspect local 
heterogeneity at the microscopic scale. Integral mechanical properties of composite materials 
are characteristic values like the structural stiffness sst, the yield strain εy, the yield stress σy, 
the strain to fracture εf and the stress to fracture σf. These characteristic measures can be 
determined from tensile and compression tests as well as bending tests. In unidirectional 
mechanical tests the engineering strain, ε, is defined by the ratio of the elongation of the 
sample, Δl, to its initial length, l0, 0llΔ=ε . The engineering stress, σ, is defined by the ratio 
of the force, F, to the initial cross-section, A0, of the test specimen, 0AF=σ . The ratio of 
stress and strain in the linear elastic part of the stress strain curve of the material determines 
its structural stiffness, εσ=sts . In biological materials the structural stiffness sst describes 
the mechanical response in the linear elastic part of the stress strain curve more precisely than 
the Young’s modulus commonly used in mechanical testing of homogeneous materials like 
metals or polymers. In these homogeneous bulk materials the linear part of the stress strain 
curve is equal to the intrinsic elastic modulus and reflects the nature of the chemical bonds 
inside the material. In heterogeneous and hierarchically structured composite materials the 
elastic response is the sum of the intrinsic elastic properties of all components and is strongly 
influenced by their structural attributes. Hence, in arthropod cuticles the elastic response is 
defined by the elastic properties of such components as chitin fibrils and biominerals as well 
as their structural features such as twisted plywood structures or honeycomb structures.  
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One standard method for the measurement of elongation in material testing is the use of 
extensometers. Alternatively, global strain data can also be obtained by digital image 
correlation. To determine integral mechanical data one simple and robust method is using the 
displacement field for evaluating the change in the spacing between two reference points upon 
loading. The initial length l0 of the region of interest and the actual length li after each 
elongation interval give the global engineering strain εg according to 00)( )( llliig −=ε , 
simply referred to as global strain later in the text. The index i represents the deformation 
stage which is used as a reference state during the mechanical test. In case of a bone-like 
shaped flat standard tensile test specimen several such reference points can be defined at both 
ends of the parallel length of the specimen. These positions correspond to the points which 
serve in a standard test as contact coordinates for the edges of the extensometers. According 
to the formula above the average global strain can then be calculated for each deformation 
step. For creating global tensile or compression test curves the strain data are linked to the 
corresponding stress data. For the evaluation of Poisson’s ratio additional reference points can 
be defined at both edges of the parallel length of the specimen. Similarly to the global strain, 
the strain in transverse direction εtr can be determined. Poisson’s ratio is defined as the ratio of 
strain in loading and in transverse direction in the linear elastic part of the stress strain curve 
according to gtr εεν −= .  
 
3.1.1.2 Principles of digital image correlation 
 
The digital image correlation method is an alternative to the use of extensometers to obtain 
not only integral mechanical data at the macroscopic scale but at the same time to map local 
heterogeneity at the microscopic scale. The digital image correlation method (which is 
sometimes also referred to as photogrammmetry or visioplasticity) has been successfully 
employed for the determination of the heterogeneity of elastic-plastic displacement and strain 
fields in metallic materials with heterogeneous microstructure (Raabe et al., 2001; Raabe et 
al., 2003). The technique is based on the recognition of geometric changes in the gray scale 
distribution of surface patterns before and after straining. The natural characteristics of an 
unprepared sample surface or an artificial stochastic color spray applied to a surface may 
serve as the input pattern. The initial digital image is mapped by a grid of square facets which 
is defined by the facet size and the step size. The facet size is the dimension of one single 
square. The step size “a” is the distance between the centers of two adjacent facets according 
to 01 yya −=  or 01 xxa −=  (Fig. 20). To optimize the spatial resolution the step size can be 
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set smaller than the facet size which leads to an overlap of adjacent facets. The facets are 
characterized by the gray scale distribution and two- or three-dimensional coordinates are 
assigned to the facet centers (Bergmann and Ritter, 1996).  
 
 
 
Fig. 20. Pattern recognition of the facets with the center coordinates x0 / y0 and x1 / y1 before (a) and 
after deformation (b). The distance “a” is the initial step size which defines the spatial resolution.  
 
 
After the elastic-plastic straining, the distorted gray scale pattern is again recognized based on 
the assumption that the gray scale distribution around a certain coordinate remains constant 
during the straining step. From the change in the border coordinates containing the initial gray 
scale distribution around the facet center the two- respectively three-dimensional 
displacement gradient tensor field is determined at each facet center. These data serve as input 
for deriving the surface components of the local displacement gradient tensor and from that 
the strain tensor. The digital image correlation method works without any additional artificial 
regular grid on the sample surface. The spatial resolution of the method, therefore, depends 
only on the optical resolution of the experimental setup and the quality of the applied pattern. 
Accurate adjustment of the pattern to the facet size is a crucial factor as each facet must 
contain enough information to obtain an adequate grayscale distribution. The strain resolution 
is better than 0.1 % since the method uses the match of the complete gray scale distribution. 
This procedure provides a better precision than the determination of the new border 
coordinates in the form of discrete pixel steps.  
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In order to obtain local strain maps, the displacement gradient tensor and the resulting strain 
tensor are computed at each deformation stage. In the final strain maps the strain values can 
be displayed in terms of individual components like εx and εy or the von Mises strain which is 
derived as an approximation of the strain tensor. The von Mises strain is given by 
)](2/1)(3/2[ 222222 zxyzxyzzyyxxM γγγεεεε +++++=  where εxx, εyy and εzz indicate the normal 
strain components and γxy, γyz and γzx indicate shear strain components. Due to the two 
dimensional (surface) strain analysis conducted on the sample surface, the strain tensor 
components εzz, γyz, and γzx are unknown. This strain measure is a useful approximation of a 
deformation state which reduces a strain tensor to an equivalent scalar strain measure.  
 
3.1.1.3 Experimental setup 
 
The scaling down of test specimens and the experimental set up require accurate sample 
preparation and a precise measurement of force and elongation. Hence, all macroscopic 
mechanical tests were performed on a special miniaturized test rack constructed for use in 
scanning electron microscopes in combination with digital image correlation for accurate 
strain measurements and a detailed strain analysis. The experimental setup consists of the test 
rack and the optical system which is located on its back side (Fig. 21). The computerized 
testing device (Kammrath & Weiss GmbH, 44141 Dortmund, Germany) features two 
moveable crossheads allowing the sample to remain in a stable centered position during 
testing. The maximum capacity of the exchangeable load cells amounts to 100 N, 1000 N or 
5000 N with an error of 0.3% at room temperature. The elongation speed ranges from 1.0 
µm/s to 20 µm/s in both forward and reverse mode. A custom-made adapter is fixed in the 
original mounting clamps which can be used to hold tensile test specimens directly or dies for 
compression, shear or bending tests (Fig. 21 e).  
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Fig. 21. General experimental setup comprising two digital cameras (a) for the digital image 
correlation and the test rack featuring two moveable crossheads (b), exchangeable load cell (c), 
machine extensometer (d) and customized adapter (e).  
 
 
An opening in the base plate of the test rack enables the digital cameras to record images of 
the backside of the test specimen during testing. By using two digital cameras a 3-dimensional 
localization of each point on the sample surface is possible. Additionally, this arrangement 
allows mounting the test specimen from the front side reducing the risk of decalibration of the 
optical system. The two cameras (CCD-1300: VDS Vosskühler GmbH, 49084 Osnabrück, 
Germany) which feature a resolution of up to 1300 dpi are equipped with lenses of 50 mm 
focal length and a maximum aperture of 2.8 (Schneider-Kreuznach, 55543 Bad Kreuznach, 
Germany). The aperture is adjusted to its minimum value of 16 to achieve a maximal depth of 
focus. The camera setup is controlled by the ARAMIS system (GOM - Gesellschaft für 
Optische Messtechnik mbH, 38106 Braunschweig, Germany). Digital pictures can be taken in 
intervals between 1 s to 100 s. The series of digital images were processed using the ARAMIS 
software version V5.4.1-4 (GOM - Gesellschaft für Optische Messtechnik mbH). The 
reliability of the mechanical data obtained by the experimental setup was examined by 
performing cyclic compression and tensile testing with commercially available polycarbonate 
(Makrolon®, Bayer MaterialScience AG, Leverkusen, Germany). The obtained values for 
elastic modulus, Poisson’s ratio, yield strength and strain were identical to those obtained by 
standard testing of standardized samples (DIN EN ISO 10002).  
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3.1.1.4 General sample preparation and testing procedures 
 
The specimens used for the mechanical tests were taken from the claws of large adult, non-
molting American lobsters (Homarus americanus) bought from a local food supplier. The 
samples were dissected from the plane marginal sides of both claws. Depending on the 
mechanical test, the samples were milled to different geometries using a special CNC milling 
machine designed for conductor board production or engraving (CPM 4030 CNC milling 
machine, i-mes GmBH, 36132 Eiterfeld, Germany). The spindle features revolutions up to 
20.000 per minute leading to high surface quality and dimensional accuracy. During 
preparation the samples were stored at low temperatures in a humid atmosphere (4°C, >90% 
R.H.) in order to prevent desiccation and exposed to ambient conditions to a minimum.  
 
 
3.1.2 Elastic properties 
 
To investigate the elastic deformation behavior of the mineralized cuticle, cyclic loading tests 
and bending tests were performed. The obtained mechanical data include the structural 
stiffness and the Poisson’s ratio of the exo- and endocuticle. To evaluate the effect of 
mineralization on these mechanical properties, thermo-gravimetric analyses were carried out 
to determine the grade of mineralization of the tested samples. 
 
3.1.2.1 Cyclic loading tests 
 
For the cyclic loading tests 24 samples were dissected from both plane marginal sides of the 
crusher claw. Eight cuticle pieces were milled to a thickness of about 3 mm and the remaining 
16 pieces to a thickness of about 2 mm in order to get a coplanar geometry. Subsequently, the 
test specimens were machined to their final bone-shaped geometry (Fig. 22). During the 
machining process the exocuticle was removed and thus all test specimens consisted solely of 
endocuticle. Before the cyclic loading tests the white sample surfaces were decorated with a 
graphite aerosol spray to create a stochastic black spot pattern for better contrast as required 
for digital image correlation.  
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Fig. 22. Schematic drawing of a tensile test specimen and photograph of a spray-coated sample surface 
showing the stochastic spot pattern and the area of interest for the strain analysis. The tensile test 
specimens have a total length of 22 mm and a grip length of 12 mm. The parallel length is 2 mm wide 
and 4 mm long. The two possible observation directions (I, II) are indicated by the arrows with respect 
to the normal (nd) and the transverse (td) direction of the cuticle.  
 
 
From the viewpoint of solid mechanics the twisted plywood structure of the endocuticle can 
be considered a transversely isotropic material. Thus, one can distinguish between two 
directions, the normal direction (nd) which is perpendicular to the cuticle surface and the 
transverse direction (td) which is parallel to the cuticle surface. The upper side of the tensile 
test specimens corresponds only to the transverse direction while the lateral side includes the 
normal and the transverse direction. To determine the different Poisson’s ratios the cyclic 
loading tests were performed on each sample twice. Once the upper side of the test specimen 
was observed and once the lateral side of the test specimen. Both observation directions are 
referred to as observation direction I and observation direction II, respectively (Fig. 22).  
After testing all samples in the wet condition, four 3 mm thick and eight 2 mm thick samples 
were air-dried and retested to evaluate the effect of hydration on the elastic properties. In 
order to investigate the elastic deformation behavior not only under load in the transverse but 
also in the normal direction, a set of compression test samples was prepared using the 3 mm 
thick tensile test specimen. The parallel length of these samples was cut into tetragonal test 
specimens with a height of 3 mm and a side length of 2 mm. A total of 16 samples were 
obtained both in the dry and the wet condition. As these test specimens were loaded in their 
normal direction, the lateral sides were equal and only one observation direction existed.  
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The applied loading cycle consisted of a tension and a compression segment. The elongation 
amounted to a maximum of 80 µm and a minimum of -80 µm which corresponds to a global 
strain of about ± 0.4%. The elongation speed was set to 4.0 µm/s which translates to a strain 
rate of 1 × 10-3s-1. Digital pictures were taken every 1 s or every 4 µm, respectively. In case of 
the samples tested in normal direction the loading cycle consisted of two compression 
segments. The maximum capacity of the load cell amounted to 100 N. For the cyclic 
compression tests the experimental setup was changed accordingly and equipped with 
cylindrical dies. In the digital image correlation post-processing a rectangular region of 
interest was defined in the parallel length of the tensile test specimens and on the face of the 
tetragonal test specimens. The facet size was defined to a value of 23 pixels corresponding to 
219 µm and the step size was set to a value of 10 pixels which is equal to a spatial resolution 
of 95 µm. The global (engineering) strain data represent the averaged global strain values and 
were derived from the displacement of three pairs of reference points which were defined at 
both ends of the areas of interest of every test specimen. For the determination of Poisson’s 
ratio three additional reference points were defined at both sides of the areas of interest of the 
test specimens. The structural stiffness was determined by fitting the global strain stress 
curves in the tension and compression segment. 
 
3.1.2.2 Bending tests 
 
For the bending test twelve pieces were dissected from the plane marginal sides of the crusher 
claw and divided into two equal sets of samples. One set was air-dried while the other one 
was kept in the wet state. The upper surface of the samples was carefully face-grinded using a 
1000 grinding paper without removing the exocuticle. Subsequently, the lower surface of the 
endocuticle was slightly milled to obtain a coplanar geometry. Afterwards the 1 mm to 1.5 
mm thick samples were machined to slab-shaped test specimens of about 4 mm width and 20 
mm length (Fig. 23). In order to test solely the mechanical properties of the endocuticle, the 
exocuticle was removed from the test specimens after testing except for a small area on both 
ends of the samples which was later used for the determination of the thickness of the 
exocuticle by scanning electron microscopy. Before the bending tests the lateral surface of the 
test specimens was decorated with a graphite aerosol spray to create a stochastic black spot 
pattern on the white cross-section of the cuticle to provide a better contrast as required for the 
digital image correlation.  
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The three-point bending tests were performed on the miniaturized test rack equipped with a 
customized three-point bending device (Fig. 23). It has a base support distance of 12 mm and 
polished bearings of 2 mm diameter. The maximum capacity of the used load cell amounts to 
100 N. During testing the elongation speed was set to 2.0 µm/s and the deflection was limited 
to the maximum of 100 µm. A total of four loading cycles were performed on each sample, 
two with the exocuticle pointing “up” and two with the exocuticle pointing “down”. The same 
procedure was applied after the removal of the exocuticle from the test specimens. After 
testing the remaining material was used to obtain powder samples from the exocuticle and the 
endocuticle for the thermo-gravimetric analysis (TGA).  
 
 
 
Fig. 23. Schematic drawing of a bending test specimen and picture of a spray-coated sample surface 
showing the stochastic spot pattern and the area of interest for the strain analysis. The distance 
between the two base supports amounts to 12 mm.  
 
 
In order to record the deformation during the bending tests, digital pictures were taken every 1 
s which corresponds to an elongation of 2 µm. The region of interest was defined between the 
two base supports on each initial image of the samples (Fig. 23). The facet size was set to a 
value of 23 pixels corresponding to 219 µm and the step size was defined to a value of 10 
pixels which is equal to a spatial resolution of 95 µm. 
The deflection of the beam was derived from three reference points in the displacement field 
which were defined at the centers of the two base supports and in the middle of the beam 
where the deflection is maximal. The beam’s deflection is given by 
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distance, s is the structural stiffness, J is the geometrical moment of inertia and x is the 
 38 Investigation of the macroscopic mechanical properties 
coordinate between the two base supports. As the maximal deflection is at x = l/2, the 
deflection takes the following value: 
Js
lFd
**48
* 3
= . The elastic modulus can be derived from 
the load-deflection curve by linear fitting of the curve. By performing three-point bending 
tests on samples with and later without exocuticle, the elastic properties can be calculated by 
applying a simple rule of mixture: endo
pro
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exo
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hs ** +=  where spro is the structural 
stiffness of the procuticle (exocuticle and endocuticle), sexo is the structural stiffness of the 
exocuticle, sendo is the structural stiffness of the endocuticle, hpro is the thickness of the 
procuticle (exocuticle and endocuticle), hexo is the thickness of the exocuticle and hendo is the 
thickness of the endocuticle.  
 
3.1.2.3 Thermo-gravimetric analysis 
 
The thermo-gravimetric analysis (TGA) was applied to determine the content of residual 
water, organic and inorganic phases. Before testing the samples were dried and stored in an 
exsiccator for seven days. The samples were heated up in a platinum crucible under ambient 
air using a Setaram SET-SYS 16 thermobalance. The heating rate was set to 10 °C/min with 
holding segments of 60 min at 100 °C, 300 °C and the final temperature of 1000 °C. The 
initial weight, the weight at 100 °C and at 1000 °C were used to calculate the weight 
percentages (wt.%) of residual water, the organic content, chitin and protein, and the mineral 
content, mainly calcium carbonate.  
 
 
3.1.3 Elastic-plastic properties 
 
3.1.3.1 Tensile tests of mineralized and non-mineralized cuticle 
 
The specimens used for the tensile tests of mineralized cuticle were taken from both claws of 
the lobster. Four pieces from the pincher and four pieces from the crusher claw were dissected 
and used to prepare two equal sets of samples, one in the dry and one in the wet condition. 
Two samples from each claw were air-dried while the others were kept in the wet state. The 
cuticle pieces were machined to bone-shaped test specimens of about 1 mm thickness and 
prepared for testing according to the procedure described before. Due to the machining 
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process the exocuticle was removed and thus all test specimens consisted solely of 
endocuticle. The maximum capacity of the used load cell amounted to 100 N. The elongation 
speed amounted to 2.0 µm/s which translates to a strain rate of 5×10-4 s-1. The digital image 
correlation was carried out using the same parameters used in the cyclic loading tests. 
Poisson’s ratio ν was calculated for the linear elastic range of the stress strain curves which 
was assessed from 0.l% to 0.5% global strain. For the evaluation of the structural stiffness the 
same interval was selected to fit the stress strain curves linearly. The yield strain εy and the 
yield stress σy were derived from the incept point of the stress strain curve with a straight line 
which was shifted 0.01% parallel to the linear part of the curve.  
Samples of non-mineralized cuticle were obtained from the articular membranes of the claws 
and from the membranes at the ventral part of the abdomen. Due to their rubber-like texture 
standard machining of these samples was not feasible. Instead the test specimens were 
directly cut with a scalpel using a metal template of a tensile test specimen. A total of twelve 
samples were prepared both in the wet and in the dry state. The thickness of the obtained 
samples varied between 0.5 mm and 1 mm. The elongation speed amounted to 2.0 µm/s for 
the dry samples and to 10 µm/s for the wet samples as they showed an extended range of 
plastic deformation.  
 
3.1.3.2 Compression tests 
 
For the compression tests eighteen dry and eighteen wet cuticle pieces taken from two 
lobsters were milled to tetragonal test specimens with a height of 3 mm and a side length of 2 
mm (Fig. 24). To account for the anisotropy of the material, they were prepared from two 
different orientations relating to the cuticle geometry. Six test specimens were machined with 
their long edge oriented parallel to the normal direction of the cuticle for compression in 
normal direction, both in the dry and in the wet condition. The other 12 test specimens were 
machined with their long edge oriented perpendicular to the normal direction of the cuticle for 
compression in transverse direction, both in the dry and in the wet condition. Due to the 
machining process the exocuticle was removed and thus all test specimens consisted solely of 
endocuticle. The compression tests were performed on the miniaturized tensile test rack 
equipped with cylindrical dies whose faces were polished to minimize friction between their 
surface and the test specimens. The maximum capacity of the used load cell was 1000 N. The 
elongation speed amounted to 6.0 µm/s which translates to a strain rate of 2×10-3 s-1. Digital 
pictures were recorded every 1 s which corresponds to an elongation of 6 µm.  
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Fig. 24. Schematic illustration of compression test sample and its dimensions. On the right side a 
spray-coated sample between the compression dies is shown and the area of interest for the digital 
image correlation is indicated.  
 
 
The post-processing of the sets of digital images was performed following the procedure 
described in detail above. A rectangular region of interest (1.6 mm x 2.4 mm) with the same 
ratio of dimensions as the test specimens was defined on each initial image of the samples 
(Fig. 24). The facet size was set to a value of 23 pixels corresponding to 219 µm and the step 
size was set to a value of 10 pixels which is equal to a spatial resolution of 95 µm. In order to 
obtain strain maps for each sample, the displacement gradient tensor and the resulting strain 
tensor were computed at each deformation stage. In the final strain maps only the components 
of strain tensor which represent the local strain in the longitudinal direction εy and in the 
lateral direction εx were displayed.  
The global (engineering) strain data represent the averaged global strain values derived from 
the displacement of three pairs of reference points which were defined at both ends of the 
areas of interest of every test specimen. At a sampling rate of 1 image/s and an elongation 
speed of 6 µm/s, data points were recorded in global strain intervals of 0.2 % and linked to the 
corresponding stress values. For the determination of Poisson’s ratio three additional 
reference points were defined at both sides of the areas of interest of the test specimens. 
Poisson’s ratio ν was calculated for the linear elastic range of the stress strain curves. For the 
evaluation of the structural stiffness the same interval was selected to linearly fit the stress 
strain curves. The yield strain εy and the yield stress σy were derived from the incept point of 
the stress strain curve with a straight line which is shifted 0.01% parallel to the linear part of 
the curve. The strain at densification εd and the stress at densification σd were estimated by the 
use of linear curve fitting in and after the plateau region.  
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In order to investigate anisotropy of the elastic-plastic deformation behavior, both dry and wet 
samples were tested in the normal direction to the surface (Fig. 25 a) and in the transverse 
direction (Fig. 25 b, c) to the surface. Due to the twisted plywood structure two observation 
directions are possible in the transverse direction. In the first case the observed sample surface 
(observation direction I) is parallel to the cuticle surface and represents the in-plane direction 
of the honeycomb-like structure. In the second case the observed sample surface (observation 
direction II) is the cross-section of the cuticle which is equal to the out-of-plane direction of 
the honeycomb-like structure.  
 
 
 
 
Fig. 25. Schematic figure of the compression tests. (a) Compression in normal direction of the cuticle, 
the cross section is observed. (b, c) Compression in transverse direction of the cuticle, the observation 
direction is either perpendicular (b) or parallel (c) to the cuticle surface.  
 
 
Afterwards the test specimens used for compression testing were air dried and cleaved in 
order to investigate the deformed microstructure. The SEM investigation was done according 
to the protocol described above (cp. 2.1).  
 
3.1.3.3 Shear tests 
 
The shear tests were performed using the same experimental equipment that was used for the 
compression tests. The compression dies were replaced by special holders which allow 
clamping tetragonal test specimens (2mm x 2mm x 5mm) tautly and displacing both ends in 
opposite directions. The spacing between the two clamps amounted to about 0.5 mm and the 
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displacement speed was set to 2 µm/s. A total of nine tetragonal test specimens were tested 
solely in the dry state. Three samples were sheared parallel to the cuticle surface (mode I, Fig. 
26 a) and six samples were sheared in normal direction of the cuticle whereas the shear plane 
was either in the normal direction (mode II, Fig. 26 b) or in the transverse direction (mode III, 
Fig. 26 c). The shear tests were conducted without applying digital image correlation.  
 
 
 
 
Fig. 26. Schematic figure of the shear tests, arrows indicating the shear direction. In mode I (a) the 
shear plane is parallel to the cuticle surface. In mode II (b) and III (c) the shear plane is perpendicular 
to the cuticle surface but the shear direction is either in the normal direction (mode II) or in the 
transverse direction (mode III).  
 
 
3.1.3.4 Unload-reload tests in tension and in compression 
 
In order to investigate changes in the elastic properties during the elastic-plastic deformation 
tensile and compression tests were performed that included several successive loading and 
unloading segments separated by holding segments.  
Eight samples were dissected from the lobster claws. Four cuticle pieces were used to prepare 
tensile test specimens by milling them to a thickness of about 1 mm in order to get a coplanar 
geometry and subsequently machining them to the final bone-shaped test specimens as 
described above (cp. 3.1.2.1). The remaining four cuticle pieces were machined to cylindrical 
test specimens of 2 mm diameter and 4 mm height. For two test specimens the long axis was 
oriented in the normal direction of the cuticle and for the other two in the transverse direction. 
All samples were prepared and tested in the wet condition.  
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The tensile and compression tests were performed on the miniaturized test rack in 
combination with digital image correlation. The load cell with a capacity of 1000 N was 
selected and the elongation speed amounted to 20 µm/s for both the tensile and the 
compression test specimens which translates to a strain rate of 5×10-3 s-1. The elongation in 
the tensile tests was increased by ten steps of 20 µm up to 200 µm which is equal to 0.5% 
strain steps with respect to the parallel length of 4 mm. The samples were held under load for 
100 s to evaluate the stress relaxation behavior and then unloaded until zero load was reached. 
The same procedure was applied to the compression test samples except that the first four 
elongation steps were set to 40 µm (1%) and the following ones to 160 µm (4%) up to a 
maximum elongation of 1120 µm (28%).  
The post-processing of the sets of digital images was performed following the procedure 
described in detail above. A rectangular region of interest (2 mm x 4 mm) was defined on 
each initial image of the tensile and compression samples which is equivalent to the parallel 
length. The facet size was defined to a value of 23 pixels corresponding to 219 µm and the 
step size was defined to a value of 10 pixels which is equal to a spatial resolution of 95 µm.  
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3.2 Results 
 
3.2.. Elastic properties 
 
3.2.1.1 Cyclic loading tests 
 
In order to determine the elastic properties of the endocuticle depending on the orientation, 
the grade of hydration and the grade of mineralization, cyclic tensile and compression tests 
were performed. The relationship between the structural stiffness and the grade of 
mineralization for samples tested in normal and transverse direction in both the dry and the 
wet state is shown in Fig. 27 a. The observed grade of mineralization which is given in weight 
percentage (wt.%) of the mineral content on the abscise axis varies from about 66 wt.% to 
about 78 wt.%. An increase in the grade of mineralization leads to a strong increase in the 
structural stiffness. Independent of the orientation and the grade of hydration, the slope 
amounts to approximately 0.4 applying a linear curve fit. In transverse direction a change of 
the mineral content from 66 wt.% to 78 wt.% increases the structural stiffness from about 3.1 
GPa to about 7.6 GPa in the wet state and from about 4.2 GPa to about 9.0 GPa in the dry 
state. In normal direction the structural stiffness is increased in the same range of 
mineralization from about 3.6 GPa to about 8.1GPa in the wet state and from about 3.1 GPa to 
about 7.6 GPa in the dry state. In Fig. 27 b the values of Poisson’s ratio ν for different 
orientations in both the wet and the dry state are displayed as a function of the mineral 
content. Neither the grade of mineralization nor the grade of hydration alters the values of 
Poisson’s ratio ν while remarkable differences are present for the different orientations and 
the two transverse observation directions. In the normal direction the values for ν amount to 
0.13 in the wet and to 0.19 in the dry state. For the samples tested in the transverse direction 
the Poisson’s ratio amounts to about 0.3 in the observation direction I while the corresponding 
value decreases to about 0.1 in the observation direction II in both the wet and the dry state. In 
Table 3 the average values for the structural stiffness sst and the Poisson’s ratio ν are 
summarized.  
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Fig. 27. Elastic properties of the endocuticle derived from cyclic compression - tensile tests. The 
structural stiffness sst is shown as a function of the mineral content which was determined for each test 
specimen by TGA (a). The samples were tested in normal (nd) and transverse (td) direction both in the 
dry and in the wet state (Fig. 22). Each data set was fitted linearly and the slope s [GPa / wt.%] 
including its standard deviation is given. The Poisson’s ratio ν as a function of the mineral content is 
displayed for samples that were tested in normal (nd) and transverse (td) direction both in the dry and 
in the wet state. In transverse direction two observation directions (o.d. I and II, cp. Fig. 25) can be 
distinguished (b).  
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direction structural stiffness sst [GPa] 
Poisson’s ratio ν 
[ - ] 
normal dry 6.0 (1.8) 
0.19 
(0.02) 
normal wet 5.6 (1.3) 
0.13 
(0.02) 
transverse dry 
observation direction I / II 
6.6 
(1.5) 
0.31 / 0.11 
(0.01 / 0.02) 
transverse wet 
observation direction I / II 
5.2 
(1.6) 
0.29 / 0.08 
(0.03 / 0.02) 
 
Table 3. Average elastic properties, structural stiffness sst and Poisson’s ratio ν, of mineralized 
endocuticle derived from cyclic loading tests in compression and tension. The standard deviations are 
given in brackets.  
 
 
3.2.1.2 Bending tests 
 
By performing three-point bending tests on the procuticle and later solely on the endocuticle, 
the elastic properties of the procuticle, the endocuticle and the exocuticle can be determined. 
The test specimens were bended before and after removal of the exocuticle in the dry and in 
the wet state. In Fig. 28 the average load-deflection curves are depicted for the samples 
consisting of the procuticle (exocuticle and endocuticle) and for the samples consisting solely 
of the endocuticle. The load is normalized with respect to the base support distance l and the 
geometrical moment of inertia J. The load-deflection of the procuticle and the endocuticle 
shows a linear elastic response both in the dry and in the wet state. The average values for the 
structural stiffness which can be derived directly from the slope of the curves amount to 5.6 
GPa for the procuticle and to 4.4 GPa for the endocuticle in the dry state while in the wet state 
the structural stiffness reaches average values of 4.4 GPa for the procuticle and 3.7 GPa for 
the endocuticle. In Table 4 the elastic properties are summarized including the average 
structural stiffness of the exocuticle that was derived by applying a rule of mixture to each 
sample. The structural stiffness of the exocuticle amounts to 7.5 GPa in the wet state and to 
12.5 GPa in the dry state. Additionally, the average values for the grade of mineralization 
which were obtained by TGA are given for the exocuticle and the endocuticle. In order to 
compare the structural stiffness values obtained by bending tests to the ones obtained 
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previously by the cyclic compression - tension tests, the corresponding values were derived 
from Fig. 27 a and added to Table 4.  
 
 
Fig. 28. Normalized load-deflection curves obtained for the procuticle which comprises both the 
exocuticle and the endocuticle and solely the endocuticle in the dry and the wet state. The slope of the 
curves is proportional to the structural stiffness sst.  
 
 
sample structural stiffness sst [GPa] 
mineral content 
[wt.%] 
estimated sst 
[GPa] 
procuticle wet 4.4 (0.7) - - 
exocuticle wet 7.5 (1.6) 81.6 (0.2) 8.9 
endocuticle wet 3.7 (0.6) 67.7 (0.2) 3.7 
procuticle dry 5.6 (0.9) - - 
exocuticle dry 12.5 (2.4) 81.6 (0.2) 10.5 
endocuticle dry 4.4 (0.7) 67.7 ( 0.2) 4.9 
 
Table 4. Average structural stiffness sst values for the procuticle, the exocuticle and the endocuticle in 
the dry and in the wet state derived from bending tests. For the exo- and endocuticle the grade of 
mineralization was obtained by TGA. Corresponding estimated values of the structural stiffness sst that 
were derived from the cyclic compression-tension tests are added for comparison. The standard 
deviations are given in brackets.  
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In order to investigate the strain distribution of the samples, strain mappings of the previously 
defined surface area were created at the maximal deflection. In Fig. 29 the strain distribution 
of the technical strain εx in the transverse direction of the cuticle is shown. In the profile of the 
strain the zone of compression on the upper side is more pronounced for the samples where 
the exocuticle is “down” while the zone of tension on the lower side is more pronounced for 
the samples where the exocuticle is “up”. The neutral fiber which separates the area of 
compression and tension is shifted to the side of the endocuticle.  
 
 
 
Fig. 29. Strain analysis of procuticle showing the strain εx in the transverse direction for the exocuticle 
facing “up” (a) and “down” (b).  
 
 
3.2.2 Elastic-plastic properties 
 
3.2.2.1 Tensile tests of mineralized and non-mineralized cuticle 
 
3.2.2.1.1 Global stress-strain-behavior 
 
Due to the special geometry required for the test specimens the epi- and the exocuticle were 
removed during the machining process. The global stress-strain behavior of the material 
reflects, therefore, only the mechanical properties of the endocuticle. Effects caused by the 
presence of the other layers are thereby eliminated. The stress strain curves for the pincher 
and crusher claws both in the dry and in the wet state are depicted in Fig. 30.  
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Fig. 30. Global stress-strain behavior of the endocuticle from the pincher and crusher claws both in the 
dry and in the wet state under tensile loading. For each sample state the curves of two specimens are 
shown.  
 
The dry samples display a linear stress-strain response. The pincher claw samples reach an 
average fracture stress of 40.1 MPa at an average strain to fracture of 0.7%. The crusher claw 
samples fail at an average fracture stress of 48.8 MPa and 0.7% global strain. The wet 
samples show an extended nonlinear range of elastic-plastic deformation before fracture. The 
linear strain regime for the wet specimens is less than 0.5% global strain. The average fracture 
stress of the wet pincher claw samples amounts to 37.2 MPa at an average maximum strain of 
1.8%. The wet crusher claw samples fail at an average of 34.1 MPa at an average maximum 
global strain of 1.7%. Table 5 summarizes the corresponding characteristic mechanical data 
from the tensile tests, namely, the structural stiffness sst, the yield strain εy, the yield stress σy, 
the strain at fracture εf and the stress at fracture σf. The average values of the structural 
stiffness are 5.8 GPa for the dry pincher claw, 7.0 GPa for the dry crusher claw, 4.9 GPa for 
the wet pincher claw, and 4.8 GPa for the wet crusher claw. The average values of Poisson’s 
ratio are 0.43 for the dry pincher claw, 0.34 for the dry crusher claw, 0.33 for the wet pincher 
claw, and 0.34 for the wet crusher claw. The yield strain and yield stress are not defined for 
the dry pincher claw and dry crusher claw. The average yield strain for the wet samples is 
about 0.5 %. The corresponding average yield stress which marks the onset of plastic flow, is 
26.6 MPa for the wet pincher claw and 25.8 MPa for the wet crusher claw.  
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sample sst [GPa] 
ν 
[ ] 
εy 
[%] 
σy 
[MPa] 
εf 
[%] 
σf 
[MPa] 
pincher claw 
dry 
5.8 
(0.4) 
0.43 
(0.00) - - 
0.7 
(0.09) 
40.1 
(7.9) 
crusher claw 
dry 
7.0 
(0.8) 
0.34 
(0.01) - - 
0.7 
(0.19) 
48.8 
(5.8) 
pincher claw 
wet 
4.9 
(0.6) 
0.33 
(0.03) 
0.5 
(0.04) 
26.6 
(3.2) 
1.8 
(0.33) 
37.2 
(2.5) 
crusher claw 
wet 
4.8 
(0.6) 
0.34 
(0.06) 
0.5 
(0.05) 
25.8 
(5.9) 
1.7 
(0.06) 
34.1 
(3.6) 
 
Table 5. Mechanical properties derived from the global stress-strain curves. The properties determined 
are the average values of the samples from each location and testing condition including their standard 
deviation: structural stiffness sst, Poisson’s ratio ν, yield strain εy, yield stress σy, strain to fracture εf 
and stress to fracture σf. The standard deviation is given in brackets.  
 
 
The stress strain curves for the membranes taken from the claws and the abdomen both in the 
dry and in the wet state are depicted in Fig. 31. The dry samples display a linear stress-strain 
response. The samples from the claws reach an average fracture stress of 48.5 MPa at an 
average strain to fracture of 1.0%. The abdominal membrane samples fail at an average 
fracture stress of 32.1 MPa at an average strain to fracture of 0.9%. The wet samples show a 
pronounced elastic-plastic deformation before reaching their stress maximum. During fracture 
the stress decreases slowly with the increasing global strain. The stress to fracture of the wet 
samples from the claws amounts to 17.4 MPa at an average maximum strain of 14.5%. The 
wet abdominal membrane samples start failing at an average of 15.9 MPa at an average 
maximum global strain of 13.7%. Table 6 summarizes the corresponding characteristic 
mechanical data from the tensile tests, namely, the structural stiffness sst, the yield strain εy, 
the yield stress σy, the strain at fracture εf and the stress at fracture σf. The average values of 
the structural stiffness are 5.9 GPa for the dry membranes from the claws, 3.6 GPa for the dry 
abdominal membranes, 0.19 GPa for the wet membranes from the claws, and 0.24 GPa for the 
wet abdominal membranes. For membranes from the claws and the abdomen the average 
values of Poisson’s ratio are 0.28 in the dry state and 0.5 in the wet state, respectively. The 
yield strain and yield stress are not defined for the dry membrane samples. The average yield 
strain for the wet samples is about 11.9% and 9.6% for the membranes from the claws and the 
abdomen, respectively. The corresponding average yield stress which marks the onset of 
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plastic flow, is 13.4 MPa for the wet membranes from the claws and 11.3 MPa for the wet 
abdominal membranes.  
 
 
 
Fig. 31. Global stress-strain behavior of twelve membrane specimens taken from the claws (membrane 
c) and the abdomen (membrane a) both in the dry and in the wet state.  
 
 
sample sst [GPa] 
ν 
[ ] 
εy 
[%] 
σy 
[MPa] 
εf 
[%] 
σf 
[MPa] 
membrane c 
dry 
5.9 
(1.03) 
0.28 
(0.02) - - 
1.0 
(0.22) 
48.5 
(8.9) 
membrane a 
dry 
3.6 
(0.80) 
0.28 
(0.02) - - 
0.9 
(0.27) 
32.1 
(7.1) 
membrane c 
wet 
0.19 
(0.02) 
0.5 
(0.0) 
11.9 
(1.5) 
13.4 
(2.7) 
14.5 
(1.5) 
17.4 
(3.5) 
membrane a 
wet 
0.24 
(0.04) 
0.5 
(0.0) 
9.6 
(1.2) 
11.3 
(2.2) 
13.7 
(2.2) 
15.9 
(1.8) 
 
Table 6. Mechanical properties derived from the global stress-strain curves. The properties determined 
are the average values of three membrane samples taken from the claws (c) and the abdomen (a) both 
in the dry and in the wet state: structural stiffness sst, Poisson’s ratio ν, yield strain εy, yield stress σy, 
strain to fracture εf and stress to fracture σf. The standard deviation is given in brackets. 
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3.2.2.1.2 Fracture surfaces 
 
The appearance of the fracture surface of one sample from each claw and the articular 
membrane both in the dry and in the wet condition was investigated using scanning electron 
microscopy (Figs. 32-34).  
 
Pincher claw – dry and wet 
 
The overview of the fracture surface of the dry pincher claw shows a relatively smooth 
surface with very few and flat disruptions. Narrow grooves remaining from cleaved cuticular 
pores oriented in the normal direction recur on the fracture surface approximately every 100 
µm to 200 µm. The horizontal pattern of the twisted plywood layers appears distinct and even 
(Fig. 32 a). At higher magnification, details of the endocuticle microstructure become visible. 
The fractured stacked twisted plywood layers reveal two main fracture patterns. In areas 
where fibers are oriented parallel to the fracture surface the structure is separated mainly 
along the long axis of the fibers forming short overlapping platelets. This pattern can also be 
found in the adjacent areas above and below within a fiber rotation angle of up to 30° away 
from the fracture plane. Between these areas the stacks of fibers are broken exposing cross- or 
rather oblique sections. Here the fibers are oriented perpendicular and up to 70° in both 
directions from the fracture plane. On the entire fracture surface the internal faces of 
longitudinally cleaved pore canals become visible. Occasionally flexible tubes which are 
detached from the pore canals protrude out of the fractured structure. In some areas where the 
fiber stacks are fractured obliquely to the fracture plane, the honeycomb structure of the 
twisted plywood layers can be observed (Fig. 32 b).  
The overview of the fracture surface of the wet pincher claw shows a corrugated surface with 
coarse and deep disruptions. This appearance is caused by numerous irregular grooves which 
are oriented in the normal direction and are about 100 µm to 200 µm wide. Cuticular pores 
such as seen in the dry samples are not distinguishable. The fracture surface shows a free-
standing wedge originating from crack separation during fracture (Fig. 32 c). The higher 
magnification image shows numerous broken fiber bundles and flexible tubes belonging to 
the pore canal system standing out from the fracture surface at irregular angles. The stacked 
twisted plywood layers can still be distinguished, but structural differences are not very 
distinct between the areas where the fiber orientation is more parallel or more perpendicular 
to the fracture plane. Portions of the original honeycomb structure can be observed 
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occasionally protruding out of both areas, but the pore canals between the fiber planes are 
drawn-out and look distorted (Fig. 32 d). 
 
 
 
 
Fig. 32. Fracture surfaces of the pincher claw tested in the dry (a, b) and in the wet (c, d) state. (a) 
Overview of the dry pincher claw showing the smooth surface with numerous cleaved cuticular pores 
(cp). (b) Detail image displaying the fracture modes of fibers oriented more parallel (I) and fibers 
oriented closer to perpendicular (II) to the fracture surface. (c) Overview of the wet pincher claw 
showing the corrugated surface with numerous deep irregular grooves (g, indicated by dashed lines). 
(d) Detail image showing the distorted twisted plywood structure with drawn-out pore canals (pc) and 
irregularly protruding pore canal tubes (pct). 
 
 
Crusher claw – dry and wet 
 
The dry crusher claw has a plain and relatively smooth fracture surface with cleaved cuticular 
pores oriented in the normal direction recurring every 100 µm to 200 µm. The pattern of the 
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twisted plywood layers is generally distinct and even and is less visible only in some small 
areas (Fig. 33 a). At higher magnification the original twisted plywood structure appears quite 
well preserved. The stacks of fibers which are oriented more parallel to the fracture plane 
form short overlapping platelets. They are as well defined as in the dry pincher claw. The 
exposed cross sections of the stacked fiber planes which are oriented more perpendicular to 
the fracture plane can also be well distinguished. In the obliquely fractured twisted plywood 
layers the inner honeycomb structure is clearly visible. A small number of the flexible pore 
canal tubes protrude from the fracture surface (Fig. 33 b).  
 
 
 
 
Fig. 33. Fracture surface of the crusher claw tested in the dry (a, b) and in the wet (c, d) state. (a) 
Overview of the dry crusher claw showing the smooth surface and numerous cleaved cuticular pores 
(cp). (b) Detail image displaying the fracture modes of fibers oriented more parallel (I) and fibers 
oriented closer to perpendicular (II) to the fracture surface. (c) The corrugated and uneven surface of 
the wet crusher claw with numerous deep irregular grooves (g, indicated by dashed lines). (d) Detail 
image showing the distorted twisted plywood structure with drawn-out pore canals (pc) and irregularly 
protruding pore canal tubes (pct). 
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The overview of the fracture surface of the wet crusher claw shows an uneven and corrugated 
surface with numerous deep grooves about 100 µm to 200 µm wide and oriented in the 
normal direction to the endocuticle surface. In contrast to the dry sample, cuticular pores can 
not be distinguished (Fig. 33 c). In the high magnification image the rotating stacks of fiber 
planes of the twisted plywood structure can still be distinguished, but the broken fiber bundles 
stand out from the fracture surface at very irregular angles. Numerous torn and distorted 
flexible tubes of the pore canal system are distributed among the broken fiber bundles. The 
original honeycomb structure of the twisted plywood layers can hardly be seen, except in 
some of the larger pieces of fiber bundles protruding from the surface (Fig. 33 d).  
 
Membrane – dry and wet 
 
The appearance of the fracture surfaces of the samples from the claws both in the dry and in 
the wet state were investigated using scanning electron microscopy.  
The overview of the fracture surface of the dry membrane shows a relatively smooth surface 
with horizontally oriented grooves between the layers (Fig. 34 a). A periodic lamellar pattern 
which was observed in the mineralized cuticle is now absent. At higher magnification, layers 
which presumably consist of several planes of non-mineralized chitin-protein fibers are 
visible, but a distinct twisted plywood structure or the pore canal system which were present 
in the mineralized cuticle can not be observed (Fig. 34 b). The fracture surface of the wet 
membrane appears disrupted and distorted (Fig. 34 c). The detail image shows numerous thin 
layers of non-mineralized chitin-protein fiber planes which are delaminated and torn apart 
(Fig. 34 d). Similarly to the dry samples, the twisted plywood structure can not be clearly 
distinguished. There is no evidence for the presence of a pore canal system in the micrograph.  
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Fig. 34. Fracture surfaces of the membranes taken from the claws and tested in the dry (a, b) and in the 
wet (c, d) state. (a) Overview of the dry sample showing the relatively smooth surface. (b) Detail 
image displaying layers presumably consisting of several planes of non-mineralized protein-chitin 
fibers. (c) Overview of the wet sample showing the disrupted surface. (d) Detail image showing 
delaminated and torn apart layers presumably consisting of several planes of non-mineralized protein-
chitin fibers.  
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3.2.2.1.3 Local strain analysis 
 
Strain maps 
 
In order to investigate the strain evolution not only at a global but also at a local microscale, 
strain mappings of a previously defined surface area (Fig. 22) of the samples from the pincher 
and the crusher claw were created (Figs. 35, 36). For each sample, four strain maps with 
increasing global (engineering) strain εg are displayed. For the dry samples the selected strain 
levels are 0.2%, 0.4%, 0.6% and the strain value just before fracture and for the wet samples 
0.4%, 0.8%, 1.2% and the strain value just before fracture. The mapped local strain is 
displayed in terms of von Mises strain εM. For the dry samples the scale range was defined 
from 0% to 1.5% and for the wet samples from 0% to 5.0%.  
The samples of the dry pincher claw show a heterogeneous strain pattern with relatively 
evenly distributed alternating band shaped domains of very low and slightly elevated strain at 
the beginning of the tensile test (εg 0.2%) (Fig. 35 a, b). These domains are oriented 
perpendicular to the tensile direction and their overall pattern is preserved with increasing 
global strain (εg 0.4%, 0.6%) while the local strain is gradually elevated. Before fracture, 
small but distinct strain localizations appear on the margins of the monitored sample area 
which expand abruptly. The final failure of the samples does not occur necessarily at the 
strongest recorded strain localizations. In the case of specimen 1 the failure is initialized at a 
small spot of high strain (dashed line in Fig. 35 a, εg 0.62%) whereas in specimen 2 none of 
the visible strain localizations are involved in the final cracking (dashed lines in Fig. 35 b, εg 
0.8%).  
The strain maps obtained for the dry crusher claw (Fig. 35 c, d) reveal a heterogeneous strain 
pattern which is also characterized by alternating band shaped domains of very low and 
slightly higher local strain (εg 0.2%, 0.4%). This pattern is preserved with increasing global 
strain (εg 0.6%) and resembles the pattern seen in the dry pincher claw. At a given global 
strain the variation in the lower and the higher local strain in the patterns appears less 
pronounced than in the samples of the dry pincher claw. Distinct spots of localized strain can 
not be observed before fracture, making it impossible to predict the areas where the final 
fractures occur (dashed lines in Fig. 35 c, εg 0.9% and 10d, εg 0.62%).  
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Fig. 35. Strain analysis of endocuticle from the dry pincher and crusher claw. Strain maps showing the 
strain evolution of the local von Mises strain εM in the parallel length at four subsequent levels of 
global (engineering) strain εg. The strain map with the highest level of global strain for each sample 
shows the local strain distribution immediately before the final failure. The red dotted line in the 
center of the strain maps marks the section for the strain profile. The pathway of the crack is indicated 
by the black dashed line. 
 
 
The local strain analysis of the wet pincher claw samples (Fig. 36 a, b) shows a heterogeneous 
strain pattern at the beginning (εg 0.4%) with large areas of very low strain interspersed with 
spots of high local strain. During the following stages, these spots expand forming large 
domains of increased strain while in some areas the local strain remains stable (εg 0.8% and 
1.2%). Many of the initial spots of higher strain develop into small localizations of very high 
strains. In specimen 1 the final failure occurs at the site of such a strain localization (dashed 
line in Fig. 36 a, εg 1.4%). In specimen 2 the final fracture goes through a strain localization 
but is initiated outside of the parallel length at the radius of the test specimen (dashed line in 
Fig. 36 b, εg 1.6%).  
The endocuticle of the wet crusher claw (Fig. 36 c, d) shows a heterogeneous strain pattern (εg 
0.4%) similar to that of the wet pincher claw but with slightly lower values for the areas with 
high local strain. The small areas of elevated local strain expand and form larger domains of 
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high local strain in the course of the test (εg 0.8% and 1.2%). In some of these domains spots 
with very high local strain develop in the last stage before fracture. Both samples fail close to 
the radius of the tensile test specimens and the final fracture goes through a small spot of very 
high localized strain in specimen 1 (dashed line in Fig. 36 c, εg 1.8%) and through a larger 
area of very high localized strain in specimen 2 (dashed line in Fig. 36 d, εg 1.3%).  
 
 
 
Fig. 36. Strain analysis of endocuticle from the wet pincher and crusher claw. Strain maps showing the 
strain evolution of the local von Mises strain εM in the parallel length at four subsequent levels of 
global (engineering) strain εg. The strain map with the highest level of global strain for each sample 
shows the local strain distribution immediately before the final failure. The red dotted line in the 
center of the strain maps marks the section for the strain profile. The pathway of the crack is indicated 
by the black dashed line. 
 
 
In order to investigate the strain evolution in the membrane samples taken from the claws 
both in the dry and in the wet state, four strain maps with increasing global (engineering) 
strain εg were created for each sample. For the dry samples the selected strain levels were 
0.2%, 0.4%, 0.6% and the strain value just before fracture and for the wet samples 4.0%, 
8.0%, 12.0% and the strain value just before fracture. The mapped local strain is given as 
strain εy in the longitudinal direction and as εx in the lateral direction (Fig. 37).  
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The samples of the dry membranes taken from the claws show a relatively homogeneous local 
strain distribution in the longitudinal and the lateral direction at the beginning (Fig. 37 a, b). 
With increasing global strain, zones of elevated local strain εy appear on the upper half of the 
sample. In the corresponding areas of the strain maps in the lateral direction the local strain εx 
does not increase consistently. Before fracture, small but strong strain localizations emerge on 
the margins of the strain maps which indicate preferred areas of crack initiation. The strain 
maps obtained for the wet membranes of the claws reveal a relatively homogenous strain 
distribution for the local strain εy and εx in all stages (Fig. 37 c, d). An increase of the local 
strain εy is associated with a pronounced increase of the local strain εx. Before fracture, the 
sample width is strongly reduced which is indicated by local strain values εx of up to about 
35%.  
 
 
 
Fig. 37. Strain analysis of membranes from the claws both in the dry (a, b) and in the wet (c, d) state. 
The local strain is displayed as strain εy in longitudinal direction and as εx in lateral direction at four 
subsequent levels of global (engineering) strain εg.  
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Strain profiles 
 
For a more detailed local strain analysis of the samples from the pincher and the crusher claw, 
a section was defined along the longitudinal axis in the center of each sample (Figs. 38, 39). 
The four curves in every diagram display the evolution of the von Mises strain profiles at each 
level of global (engineering) strain εg for each sample. The strain profiles show the 
distribution of the von Mises strain εM along the longitudinal axis in the center of the tensile 
test specimen with respect to the initial length of the sample. The average spacing between 
neighboring maximum or minimum strain levels defines the wavelength of the strain 
patterning. The difference between the upper and lower threshold given by the averaged 
maximum and minimum values of the local strain profile defines the profile amplitude. The 
wavelength and the profile amplitude were determined at the global (engineering) strain level 
where the local strain profile becomes the most concise, namely at 0.6% for the dry samples 
and 1.2% for the wet samples (Table 7).  
 
sample 
wavelength of 
strain profiles 
[µm] 
lower 
threshold 
[%] 
upper 
threshold 
[%] 
profile 
amplitude 
[%] 
global 
strain 
[%] 
pincher claw dry 404 0.54 0.78 0.24 
crusher claw dry 458 0.52 0.70 0.18 
0.6 
pincher claw wet 470 0.83 1.89 1.06 
crusher claw wet 444 0.86 1.61 0.75 
1.2 
 
Table 7. Variables derived from the sections along the center of the strain maps. The properties 
determined include the average wavelength of the profile, the average lower threshold and the average 
upper threshold as well as the average profile amplitude (von Mises strain). The variables are 
evaluated for a global strain of 0.6% in the dry samples and of 1.2% in the wet samples.  
 
 
The local strain analysis of the dry pincher claw shows periodically distributed strain maxima 
for all stages of the tensile test. The average wavelength of the strain profile is 404 µm and 
the profile amplitude amounts to about 0.24% von Mises strain. The profiles for the different 
global strain levels look similar and are merely shifted to higher von Mises strain values with 
increasing global strain (Fig. 38 a, b).  
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The local strain profiles of the dry crusher claw samples show periodically distributed strain 
maxima similar to those of the dry pincher claw samples. The average wavelength of the 
strain profile is 458 µm and the corresponding profile amplitude is about 0.18% von Mises 
strain. The profiles at different global strain levels look similar but are also shifted to higher 
von Mises strain values with increasing global strain (Fig. 38 c, d).  
 
 
Fig. 38. Strain analysis of endocuticle from the dry pincher and crusher claw. The evolution of the 
strain profile in the center of the strain maps along the longitudinal axis is shown. Each curve displays 
the development of the local von Mises strain εM of the corresponding strain map at a distinct global 
(engineering) strain εg. 
 
 
The local strain analysis of the wet pincher claw (Fig. 39 a, b) shows a relatively flat curve 
with comparatively indistinct peaks for the low global strain (εg 0.4%). With increasing global 
strain (εg 0.8%, 1.2%) the local von Mises strain reaches very high values in the peaks while 
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the strain values in the valleys increase much slower. The average wavelength of the strain 
profile is in the order of 470 µm with an average profile amplitude of about 1.06%.  
The strain profiles of the wet crusher claw (Fig. 39 c, d) show an evolution of the local von 
Mises strain similar to the samples of the wet pincher claw with a shallow curve at the low 
global strain (εg 0.4%) and an irregular increase of the local von Mises strain for higher global 
strains (εg 0.8%, 1.2%). The average wavelength of the strain profile is in the order of 444 µm 
with a corresponding profile amplitude of about 0.75%. The curves for both specimens show 
a strong local strain increase at the global strain before fracture (specimen 1, εg 1.77% and 
specimen 2, 1.29%) which originates from strain localization zones that extended into the 
section just before fracture.  
 
 
Fig. 39. Strain analysis of endocuticle from the wet pincher and crusher claw. The evolution of the 
strain profile in the center of the strain maps along the longitudinal axis is shown. Each curve displays 
the development of the local von Mises strain εM of the corresponding strain map at a distinct global 
(engineering) strain εg. 
 
 64 Investigation of the macroscopic mechanical properties 
Point analysis of local strains 
 
In addition to the evaluation of the evolution of the local strain profiles the local strain 
evolution was compared in the two selected domains with different local von Mises strain 
developments during testing by performing a point analysis. The point analysis shows the 
evolution of the von Mises strain at a single point as a function of increasing global strain 
during testing. For every sample, ten points were defined in the domains where the local von 
Mises strain remains low (low strain domains, LSD) and ten points were defined in the 
domains where the local von Mises strain increases strongly (high strain domains, HSD). A 
strain evolution rate θ was defined as the gradient of local von Mises strain εM over the global 
strain εg according to 
g
M
d
d
ε
εθ = . The values of the strain evolution rate θ are given as the 
slope of curves averaged out of the data from 10 points located in the low strain domains and 
10 points located in the high strain domains on each test specimen (Fig. 40, Table 8).  
 
sample 
average strain evolution rate θ 
for low strain domains 
[-] 
average strain evolution rate θ 
for high strain domains 
[-] 
pincher claw dry 0.53 1.24 
crusher claw dry 0.81 1.11 
pincher claw wet 0.42 2.79 
crusher claw wet 0.64 2.23 
 
Table 8. Average local strain evolution rates (θ) for the low strain domains (LSD) and the high strain 
domains (HSD) determined for every set of samples. θ is given as von Mises strain [%] per global 
strain [%] and is dimensionless. 
 
The point analysis for pincher and crusher claw in the dry condition shows that the von Mises 
strain evolves fairly linearly with increasing global strain but with different evolution rates for 
the low and high strain domains. For the dry pincher claw samples the strain evolution rate θ 
is 0.53 for the low strain domains and 1.24 for the high strain domains (Fig. 40 a). The strain 
evolution rates are quite similar for the dry crusher claw samples with θ amounting to 0.81 for 
the low strain domains and 1.11 for the high strain domains (Fig. 40 b).  
In the wet pincher and crusher claw the local von Mises strain evolution is also rather linear 
for both the low and high strain domains. Compared with the dry samples the evolution rates 
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are similar in the low strain domains but increase to about the double value for the high strain 
domains. For the wet pincher claw samples the strain evolution rate θ amounts to 0.42 in the 
low strain domains and 2.79 in the high strain domains (Fig. 40 c). The wet crusher claw 
reaches strain evolution rates of 0.64 for the low strain domains and 2.23 for the high strain 
domains (Fig. 40 d).  
 
 
 
Fig. 40. Point analysis showing the evolution of the local von Mises strain as a function of increasing 
global strain during tensile testing. For each one of the two tested samples (specimen 1 and specimen 
2) of the dry pincher claw (a), the dry crusher claw (b), the wet pincher claw (c) and the wet crusher 
claw (d) ten points were defined in domains where the local strain remains low (low strain domains, 
LSD) and ten points were defined in domains where the local strain increases strongly (high strain 
domains, HSD). The values of the local strain in every point were averaged and plotted as von Mises 
strain [%] against the global strain.  
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3.2.2.2 Compression tests 
 
3.2.2.2.1 Global stress-strain-behavior 
 
As the cuticle samples had to be machined to obtain standardized test specimens, the epi- and 
the exocuticle were removed as in the tensile tests. Hence, the global stress-strain behavior 
only reflects the mechanical properties of the endocuticle. The average stress strain curves 
obtained from both tested lobsters (H.a.1 and H.a.2) under compression in the normal 
direction and in the transverse direction both in the dry and in the wet state are depicted in 
Fig. 41. 
 
 
 
Fig. 41. Compression tests of mineralized endocuticle from two different lobsters, Homarus 
americanus (H.a.1, H.a.2). The graph depicts the global averaged stress-strain behavior under 
compression of the endocuticle obtained in the normal and in the transverse direction (see Fig. 25) 
both in the dry and in the wet state (normal dry, normal wet, transverse dry and transverse wet). The 
interception points of the dashed straight lines fitted to the curves obtained for compression in the 
transverse direction give the values for the strain (εd) and the stress (σd) at densification. The vertical 
dotted line indicates the strain range used for determining Poisson’s ratio (ν) and the structural 
stiffness (sst).  
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The samples tested in the normal direction display a linear elastic response and deform 
plastically before fracture. In contrast, the samples tested in the transverse direction show a 
linear elastic regime followed by an extended plateau region and a range of densification 
before fracture. The characteristics of the stress-strain curves are the same both in the dry and 
in the wet state. However, the average values for the structural stiffness sst, the yield strain εy, 
the yield stress σy, the strain at densification εd, the stress at densification σd and the stress to 
fracture σf are higher for the dry samples than for the wet samples with the exception of the 
strain to fracture εf. Remarkably, Poisson’s ratio ν does not differ significantly between the 
dry and the wet state, but a pronounced difference is present for the two observation 
directions of the samples which were tested in the transverse direction. While for the 
observation direction I the values for ν amount to 0.29 in the dry state and 0.28 in the wet 
state, the corresponding values decrease to 0.08 in both states for the observation direction II. 
Table 9 summarizes the characteristic data from the compression tests of all samples from 
both lobsters.  
 
 
direction sst [GPa] 
ν 
[ - ] 
εy 
[%] 
σy 
[MPa] 
εd 
[%] 
σd 
[MPa] 
εf 
[%] 
σf 
[MPa] 
normal dry 4.7 (1.6) 
0.13 
(0.01) 
2.4 
(0.7) 
96.8 
(16.0) 
 
- 
 
 
- 
 
18.7 
(5.5) 
147.5 
(39.3) 
normal wet 4.1 (1.4) 
0.10 
(0.03) 
1.8 
(0.6) 
56.4 
(25.6) 
 
- 
 
 
- 
 
19.4 
(3.5) 
124.7 
(53.8) 
transverse dry 
observation 
direction I / II 
4.6 
(1.6) 
0.29 / 0.08 
(0.02 / 0.03) 
1.6 
(0.7) 
54.9 
(12.3) 
30.2 
(3.4) 
87.0 
(12.3) 
42.3 
(2.6) 
163.4 
(14.7) 
transverse wet 
observation 
direction I / II 
3.0 
(1.3) 
0.28 / 0.08 
(0.08 / 0.02) 
0.7 
(0.3) 
14.0 
(4.0) 
24.6 
(2.6) 
35.1 
(6.7) 
35.6 
(3.7) 
93.4 
(5.4) 
 
Table 9. Average mechanical properties of mineralized endocuticle from two different lobsters 
derived from compression tests. sst structural stiffness; ν Poisson’s ratio; εy yield strain; σy yield stress; 
εd strain at densification; σd stress at densification; εf strain to fracture; σf stress to fracture. The 
standard deviations are given in brackets. A set of six samples was tested in the normal and 12 
samples in the transverse direction both in the dry and in the wet state.  
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While the samples tested in the normal direction fractured by cleavage induced by cracks 
along the normal direction, 16 out of 24 samples tested in the transverse direction show a well 
defined fracture plane oriented 45° to the compression direction and perpendicular to the 
cuticle surface (Fig. 42). 
 
 
 
Fig. 42. Schematic drawing showing the orientation of the fracture plane in the samples which were 
tested in the transverse direction both in the dry and in the wet state. 
 
 
3.2.2.2.2 Local strain analysis 
 
Strain maps 
 
In order to investigate the strain evolution under compression not only at a global but also at a 
local microscale, strain mappings were created using the digital image correlation (DIC) 
method. This was done by computing the displacement gradient tensor from data obtained 
from the distortion of the gray-scale pattern in the previously defined areas of interest on the 
surface of all samples during compression (Fig. 24). Subsequently, the strain tensor was 
derived for each deformation stage and displayed as strain εy in the longitudinal direction 
(Fig. 43a) and as εx in the lateral direction (Fig. 43 b). For every tested sample orientation 
(normal, transverse I and II) in both states (dry and wet) a representative set of strain maps 
with increasing global (engineering) strain εg is shown in Fig. 43. The selected global strain 
levels are 1.0%, 5.0%, 10.0%, 20.0% and 30.0%.  
The samples tested in the normal direction show a homogeneous strain pattern in both the 
longitudinal and the lateral direction at the beginning (Figs. 43 a, b). With increasing global 
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strain, zones of elevated strain εy appear on both ends of the samples in the longitudinal 
direction. In the samples tested in the wet state band shaped areas of elevated strain εx form 
which are oriented parallel to the compression direction and indicate preferred regions where 
cracks evolved before failure (Fig. 43 b). The samples tested in the transverse direction show 
band shaped zones of high local strain in the longitudinal direction which expand in the 
adjacent relatively undeformed areas during deformation. While in the corresponding areas in 
the lateral direction these zones of high local strain are also visible in the observation 
direction I, the strain εx remains at a relatively low level in observation direction II. 
Significant differences between the dry and the wet state can not be seen.  
 
 
 
 
Fig. 43. Strain maps showing the strain evolution under compression in the normal and in the 
transverse direction for increasing global strain εg in the dry and in the wet state. The local strain is 
displayed as εy in the longitudinal direction (a) and as εx in the lateral direction (b). The thin red lines 
drawn in the maps in (a) and (b) indicate the position of the sections used to create the strain profiles. 
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Strain profiles 
 
For a quantitative local strain analysis, one section was defined along the longitudinal axis 
and another one along the lateral axis in the center of each sample (Fig. 43). The ten curves in 
every diagram display the evolution of the strain profiles at each level of global (engineering) 
strain εg for each testing and observation direction in the dry and in the wet state (Fig. 44). In 
the upper row of diagrams the strain profiles show the distribution of the strain in the 
longitudinal direction εy along the compression direction in the center of the test specimen. In 
the lower row of diagrams the strain profiles show the distribution of the strain in the lateral 
direction εx perpendicular to the compression direction in the center of the test specimen.  
 
 
 
Fig. 44. Strain profiles showing the local strain evolution of εy in the longitudinal direction and of εx in 
lateral direction both in the dry and in the wet state. Each curve displays the development of the local 
strain along the sections in longitudinal or in lateral direction at a distinct global strain εg as marked in 
the corresponding strain map (Fig. 43 a, b and Fig. 25).  
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The strain profiles of the samples tested in the normal direction reflect the homogeneous 
strain evolution in the longitudinal direction εy and in the lateral direction εx with increasing 
global strain as seen in the corresponding strain maps. In the diagram showing the strain 
evolution in the transverse direction (observation direction I) a strong gradient in the profile 
of the strain εy in the longitudinal direction can be seen at global strains εg between 5% and 
10% compared to the profiles of the strain εx in the lateral direction. In the observation 
direction II a similar strain evolution can be observed, however, the strain in the lateral 
direction εx increases less strongly than in the observation direction I.  
 
The elastic-plastic deformation behavior both in the dry and in the wet state which is observed 
in the strain maps and profiles for the different loading and observation directions is 
illustrated schematically in Fig 45.  
 
 
 
 
Fig. 45. Schematic illustration of the elastic-plastic deformation of the endocuticle under compression 
in the normal direction (a) and in the transverse direction (b) of the endocuticle. The dashed lines mark 
the shape of the specimens after deformation.  
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3.2.2.2.3 Microstructure after compression tests 
 
After the compression tests the microstructure of the samples was investigated using scanning 
electron microscopy (SEM). The fracture surfaces of the cleaved samples are shown in Figs. 
46 and 47. The samples tested in the normal direction achieved a deformation of about 10% 
without showing significant damage to the microstructure. Also at higher strains signs of 
deformation can not be observed due to the complex microstructure and fracture surface (Fig. 
46). 
 
 
 
 
Fig. 46. SEM images of compression test specimens fractured after being tested in the normal 
direction in the dry state. (a) The samples achieved a deformation of about 10%, significant damage to 
the microstructure can not be observed, even at the higher resolution (b). 
 
 
In the samples tested in the transverse direction both in the dry and in the wet state two 
characteristic deformation patterns are visible which depend on the orientation of the chitin 
protein fibers with respect to the compression direction (Fig. 47). In the layers where the 
fibers are oriented perpendicular to the compression direction the pore canals have collapsed 
and microcracks have formed in the dry (Fig. 47 b), but not in the wet state (Fig. 47 e). In 
contrast, in the layers where the fibers are oriented parallel to the compression direction the 
fiber bundles have buckled irregularly into the cavities of the pore canals (Fig. 47 c, f).  
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Fig. 47. SEM images of compression test specimens fractured after being tested in the transverse 
direction in the dry state (a-c) and in the wet state (d-f). (a) Overview of the fracture surface of a dry 
sample tested in the transverse direction. (b) In layers where the fibers are oriented perpendicular to 
the compression direction the pore canals have collapsed and microcracks (arrows) have formed. (c) In 
layers where the fibers are oriented parallel to the compression direction the fiber bundles have 
buckled irregularly into the cavities of the pore canals. (d) Overview of the fracture surface of a wet 
sample tested in the transverse direction. (e) As in (b) the pore canals have collapsed, but no 
microcracks are visible. (f) As in (c) the fiber bundles have buckled irregularly into the cavities of the 
pore canals.  
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3.2.2.3 Shear tests 
 
Shear tests were performed on dry samples in order to determine differences in the fracture 
energy under shear loading for different shear planes and directions. In Fig. 48 the stress-
displacement curves for the three different shear modes (Fig. 26) are shown. The area under 
the average curves corresponds to the fracture energy. The obtained values of fracture energy 
in descending order are 4740 J/mm² for shear mode II, 4400 J/mm² for shear mode I and 2800 
J/mm² for shear mode III.  
 
 
 
Fig. 48. Average displacement-stress curves for the three different shear modes I, II and III.  
 
 
3.2.2.4 Unload-reload tests in tension and compression 
 
The global stress strain curves for the compression and tensile tests were derived from the 
strain and stress values at the end of each loading segment or the beginning of the 
corresponding holding segment, respectively. In Fig. 49 a the average global stress strain 
curves are depicted for the samples tested in the normal direction (nd) and in the transverse 
direction (td) under compression. In the normal direction the samples show a linear elastic 
regime which includes the first three cycles and amounts to a global strain of about 2% and a 
global stress of about 40 MPa. The structural stiffness reaches a value of about 2.6 GPa. 
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Before fracture a hardening-like behavior occurs. In the transverse direction the linear elastic 
regime is less pronounced and changes into a second linear regime which has a strongly 
reduced slope and is similar to the plateau region which was observed in the continuous 
compression tests. The structural stiffness amounts to about 2.4 GPa. A renewed increase of 
the stress strain curve indicates the beginning of the final densification which was not 
completed in the performed compression tests. Under tension the global stress strain behavior 
is characterized by a linear elastic part and an extended nonlinear range of elastic-plastic 
deformation before fracture which begins with the fourth cycle at a global strain of about 
0.5% and a global stress of about 14 MPa (Fig. 49 b). The structural stiffness under tension 
reaches a value of about 3.1 GPa.  
 
 
 
Fig. 49. Global stress strain curves for the compression test in the normal (nd) and in the transverse 
direction (td) (a) and for the tensile tests (b). Each point represents the average of two individual 
measurements for the compression tests and of four individual measurements for the tensile test taken 
at the end of a loading segment.  
 
 
One method which can be used to identify internal damage is the change of the elastic 
properties. A decrease of the elastic modulus during deformation indicates damage as cracks 
reduce the initial cross-sectional area of a sample as follows: 
0
)(
A
AnD D=  (AD projected area 
of cracks, A0 initial cross-sectional area). From this equation a damage coefficient δ can be 
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defined as the ratio between the initial elastic modulus E0 and the elastic modulus of the 
damaged material ED: 
0
1
E
ED−=δ .  
 
 
 
Fig. 50. Development of the structural stiffness with increasing strain under compression (a) and under 
tension in the normal (nd) and in the transverse (td) direction (b). Each point represents the average 
structural stiffness derived from the loading segments. The initial strain is the strain value at the 
beginning of each loading segment. The damage coefficient δ as function of the initial strain is shown 
under compression (c) and under tension in the normal (nd) and in the transverse (td) direction (d).  
 
 
In the compression tests the structural stiffness increases with increasing strain in the normal 
direction. In the first four loading cycles the structural stiffness reaches values from 1.7 GPa 
to 2.5 GPa (Fig. 50 a). Subsequently, a more linear and steady increase to about 3.2 GPa is 
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observed. However, in the transverse direction the structural stiffness decreases first from 
about 2.4 GPa to about 1 GPa and remains on this level until an increase to about 1.7 GPa 
occurs in the last two cycles at strain values between 17% and 21%. Accordingly, the damage 
coefficient δ shows an increase from 0 to 0.6 followed by a drop to 0.3 in the transverse 
direction while in the normal direction the damage coefficient δ decreases from 0 to a 
minimum negative value of about - 0.5 followed by a slight increase to about - 0.3 (Fig. 50 c).  
In the tensile tests the structural stiffness reaches values of about 2.6 GPa in the first four 
loading cycles with a marginal increase of the initial strain up to about 0.03% (Fig. 50 b). 
Afterwards a steady decrease to approximately 1.5 GPa is observed. The damage coefficient δ 
remains below 0.04 and subsequently increases to 0.4 at an initial strain of 0.3% (Fig. 50 d). 
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3.3 Discussion 
 
Biological materials such as arthropod cuticle have to fulfill a broad range of structural and 
functional requirements while performing highly efficient with respect to their boundary 
conditions. The selection of components used by nature is driven by their availability and the 
energy which is required to synthesize them (Elices, 2000). The major components in most 
crustacean cuticles are chitin, proteins and minerals. By merging these components which 
differ significantly in their mechanical properties into a composite material, each component 
contributes complementarily to the overall mechanical properties. The sophisticated 
arrangement of the individual components is another crucial factor for the efficiency of many 
biological materials which is exemplified in the hierarchical organization or other features 
like the twisted plywood structures (Wegst and Ashby, 2004). In the lobster cuticle the 
nanofibrils which are made of chitin crystals and protein already represent a nano-composite. 
Due to the higher stiffness of the nanofibrils along their longitudinal axis which is identical to 
the chitin molecule backbone established by covalent bonds (Nishino et al., 1999; Xu et al., 
1994), the mineralized chitin fibers on the subsequent level in the hierarchical organization 
inherit the anisotropy of the elastic properties. The planes of mineralized chitin fibers which 
build up the twisted plywood structure in the lobster cuticle are laminates which are similar to 
unidirectional reinforced fiber composites (Piggott, 1980). By superimposing these planes the 
anisotropy is cleared but on this level a new, more structurally based anisotropy arises from 
the honeycomb-like structure of the material.  
In the exoskeleton of the lobster, the overall properties of a functional unit like a claw are 
determined by its geometry (shape, thickness) and the local mechanical properties of the 
cuticle. The geometry and the local mechanical properties are two prominent complementary 
factors which can be varied to reach an optimum. The properties at specific locations are 
modulated by modifications in the microstructure and are adjusted to withstand the occurring 
local stresses. The microstructure can be characterized by a number of internal variables such 
as composition, average diameter of the chitin fibers, particle size of the biominerals, 
porosity, or the stacking height of twisted plywood layers to name just a few. Beyond these 
internal structural and composition measures the actual state of a biological material should be 
considered in terms of a number of essential physiological parameters. The physiological state 
of the organism plays a particularly important role for the material properties such as for 
example the actual stage of the molting cycle or the general environmental and living 
conditions such as pH, salt content, temperature, nutrition or diseases (Fabritius and Ziegler 
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2003; Ziegler et al. 2005). A third category of factors which affect the mechanical properties 
of biological materials and profoundly differs from the two others comprises the artificial 
conditions such as storage conditions, the grade of hydration and effects caused by the natural 
decomposition of certain components which are obtained by sample preparation All these 
parameters can influence each other and they collectively define the structural state of the 
material and thus its mechanical properties. For the experimental examination of the 
mechanical properties of biological materials it is crucial to establish a defined state of the test 
specimens, preferably as close as possible to its original natural state in order to obtain 
authentic values for the material in its incipient functional state under conditions set by the 
typical biological environment. These aspects were taken into account by performing identical 
experiments in both the dry and the wet state, since it is particularly the water content which 
is known to strongly influence the mechanical properties.  
A general constraint for the quantitative determination of the mechanical properties is the 
limited number of test specimens which can be obtained from the crusher and the pincher 
claw of an individual lobster. The application of statistical methods requires an adequate data 
set whose size depends on the amount of variables. Consequently, the multiple varying 
physiological parameters which have to be taken into account when testing samples from 
different lobsters would increase the data set required to obtain statistically significant results 
dramatically. Hence, the quantitative values of the mechanical properties for each mechanical 
test are obtained on test specimens from only one or two lobsters. These values may vary to a 
certain extent for other specimens of Homarus americanus.  
 
 
3.3.1 Elastic properties 
 
In both lobster claws the thickness of the endocuticle is strongly increased compared to the 
other parts of the exoskeleton as high stresses are likely to occur due to their function (Palmer 
et al., 1999). Under regular conditions these loads should only lead to an elastic deformation 
of the material. Besides the variation in the thickness or the shape, the structural stiffness of 
the endocuticle can be adjusted to guarantee a uniform elastic deformation. The cyclic 
compression and tensile tests revealed two factors which strongly influence the structural 
stiffness, namely, the grade of mineralization and the grade of hydration.  
In the natural wet state the structural stiffness in the transverse direction of the cuticle 
increases by a factor of 2.5 from 3.1 GPa to 7.6 GPa for an increase in the grade of 
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mineralization from 66 wt.% to 78 wt.%. In the dry state the increase of the structural stiffness 
is slightly smaller but still amounts to a factor of 2.1. The effect of dehydration appears less 
pronounced for higher grades of mineralization as the structural stiffness is increased by a 
factor of 1.3 for a mineral content of 66 wt.% compared to 1.2 for a mineral content of 78 
wt.%. In the normal direction an increasing grade of mineralization leads to an increase of the 
structural stiffness by a factor of 2.2 in the wet state and of 2.5 in the dry state. In contrast to 
the transverse direction, dehydration of the endocuticle decreases the structural stiffness from 
about 3.6 GPa to about 3.1 GPa and from about 8.1 GPa to about 7.6 GPa, respectively. 
Considering data which were later obtained in the compression test and the deviation of the 
data points in the normal directions, the structural stiffness is probably underestimated in the 
dry state. The sensitivity of the elastic properties to changes in the mineral content can also be 
observed in compact bone from different species. An increase of the calcium weight content 
from about 20% to about 30% leads to a structural stiffness which is three times higher. It is 
increased from about 10 GPa to about 30 GPa (Currey, 1988). The difference in the structural 
stiffness between the dry (1.1 GPa) and the wet state (0.4 GPa) reported for crab and prawn 
cuticle in the literature (Hepburn et al.,1975) is much more pronounced than in lobster claws. 
Interestingly, the Poisson’s ratio remains almost constant for different grades of 
mineralization and hydration. However, Poisson’s ratio shows a strong dependence on the 
orientation. In the normal direction Poisson’s ratio amounts to about 0.16 while in the 
transverse direction values of about 0.3 in the observation direction I and of about 0.1 in the 
observation direction II are observed (Fig. 25). For transversely isotropic solid materials the 
relationship between the elastic constants and Poisson’s ratio is given by 
n
nt
t
tn
EE
νν
= , 
where Et is the elastic modulus in the transverse direction, En the elastic modulus in the 
normal direction, νtn and νnt are the corresponding Poisson’s ratios (Pigott, 1980). Inserting 
experimentally obtained values results in significant differences between both sides of the 
equation. Consequently, the observed anisotropy can not be sufficiently explained by the 
linear elastic theory. The origin of the observed anisotropy might lie in the microstructure of 
the endocuticle. The presence of a well developed pore canal system leads to a honeycomb-
like structure and thus alters the elastic behavior. In regular hexagonal honeycombs the 
Poisson’s ratio amounts to the value of the solid itself in the out-of-plane direction which 
corresponds to the normal directions in the endocuticle. In contrast, it is always equal to 1 in 
the in-plane direction which corresponds to the transverse direction (Gibson and Ashby, 
1997). The effect of the microstructure on the deformation behavior becomes even more 
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pronounced for the elastic-plastic deformation under compression which is described in the 
discussion of the next chapter.  
In contrast to the endocuticle, the thickness of the exocuticle remains relatively constant at a 
value of about 200 µm in the exoskeleton of the American lobster. The structural stiffness of 
the exocuticle cannot be determined directly as the preparation of test specimens is not 
feasible. By performing bending tests of the procuticle and subsequently on the endocuticle 
the structural stiffness of the exocuticle can be calculated by applying a rule of mixture. The 
structural stiffness of the exocuticle amounts to 7.5 GPa in the wet state and to 12.5 GPa in 
the dry state. In the endocuticle the structural stiffness merely reaches a value of 3.7 GPa in 
the wet and of 4.4 GPa in the dry state which is a decrease by a factor of 2.0 and 2.8, 
respectively. The differences of the structural stiffness between both layers in the dry and in 
the wet state can be partly explained by the grade of mineralization. The mineral content 
decreases from about 82 wt.% in the exocuticle to about 68 wt.% in the endocuticle. An 
extrapolation of the data obtained by the cyclic tension and compression tests to a mineral 
content of 82 wt.% would result in a structural stiffness of about 8.9 GPa in the wet state and 
of about 10.5 GPa in the dry state which is in the order of the obtained values for the 
exocuticle. Besides the grade of mineralization other factors like porosity or chitin fiber 
content may affect the elastic properties.  
 
3.3.2 Elastic-plastic properties 
 
The global stress strain behavior of lobster endocuticle which was investigated in uniaxial 
tensile tests reveals a pronounced discrepancy between the wet and the dry specimens (Fig. 
30; Table 5). In the dry state the pincher and crusher claw display a linear elastic behavior 
typical for a brittle response. In contrast, the wet specimens showed an onset of plastic 
deformation which begins at a yield strain εy of 0.5% and extends to a strain to fracture εf of 
about 1.8% and 1.7%, respectively. The comparison to the strain to fracture of 0.7% achieved 
by the dry samples shows the absence of mechanisms allowing deformation and stress 
reduction in dehydrated endocuticle. In the wet samples, the maximal achieved strain and 
stress correspond nearly to the strain and stress to fracture, which indicates that significant 
necking did not occur in the tensile test specimens at the end of deformation. While the 
absence of necking is typical for brittle materials it is untypical for more ductile materials 
such as the wet samples in the current case. Similar differences in deformation behavior were 
observed for untreated cuticle in the dry and the wet state taken from the walking legs of the 
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crab Scylla serrata (Hepburn et al., 1975) and the carapace of the prawn Penaeus mondon 
(Joffe et al., 1975).  
For the elastic behavior, the resulting structural stiffness sst values differ only slightly between 
the samples taken from the different claws but the difference is more pronounced between the 
dry and the wet state. The structural stiffness sst of the dry samples lies between 5.8 GPa and 
7.0 GPa which is higher than in the wet samples with about 4.8 GPa. The obtained elastic 
properties are consistent with the results from the cyclic elastic loading tests in tension and 
compression.  
The comparably small difference in structural stiffness between the dry and the wet 
endocuticle in the lobster can probably be explained with the relatively high content of 
minerals in the claws whose elastic properties are less affected by the water content than the 
organic constituents (Vincent, 2002). This becomes evident in the global stress strain behavior 
of the membranous cuticle which is proven to be non-mineralized by qualitative EDX maps 
for calcium and magnesium. The dry membrane samples from the claws and the abdomen 
show a linear elastic strain stress response before their brittle failure. Remarkably, both the 
mineralized and the non-mineralized samples reach similar values for the stress to fracture in 
the dry state. It amounts to an average of about 40 MPa for the articular and abdominal 
membranes and to an average of about 44 MPa for the samples from the pincher and the 
crusher claw. Furthermore, the structural stiffness of the membranes is only slightly lower 
compared to the mineralized samples reaching approximately 4.8 GPa in the dry state. The 
hydration of the membrane changes the strain stress response dramatically. The structural 
stiffness decreases by one order of magnitude to a value of about 0.22 GPa and the strain to 
fracture increases from about 1% to about 14% while the stress to fracture is reduced to about 
16 MPa.  
The effect of water acting as a plastifier for the irreversible deformation behavior also 
becomes apparent by comparing the fracture surfaces of the samples tested in the dry and in 
the wet state (Vincent and Wegst, 2004). The crack which caused the failure of the dry test 
specimens from both claws propagated through the twisted plywood structure in two different 
ways: firstly, by cleaving of fibers which were oriented more parallel to the fracture surface 
longitudinally along their junctions or, secondly, by cutting the fibers which were oriented 
more perpendicularly to the fracture surface along their cross-section. Due to the rotation in 
the stacked fiber planes and the fixed fracture plane, the fracture surface subsequently shows 
an alternation of these two types of fracture modes. The residual overlapping platelets display 
smooth facets corresponding to a brittle catastrophic failure, since typical features of plastic 
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deformation or gradual delamination effects which impede crack growth are not visible. The 
cleaved cuticular pores oriented in the normal direction which recur on the fracture surfaces 
probably act as natural defects in the material. Additionally, during the drying process internal 
stresses can generate microcracks which possibly add up to these naturally present defects. 
Such an agglomeration of defects and microcracks can lead to a critical crack size resulting in 
a brittle failure as also known from various ceramic materials (Suresh, 2004). The 
combination of these effects leaves the original microstructure below the fracture surface 
almost unaltered. In contrast, in the fracture surface of the dry membranes indications of a 
periodic twisted plywood structure are not visible but layers in a lamellar fashion are exposed 
which might comprise several planes of non-mineralized chitin-protein fibers.  
On the other hand, the fracture surfaces of the wet pincher and crusher claw reveal distinct 
deformation features indicating a different type of fracture mechanism. In these samples the 
twisted plywood structure appears strongly distorted and split up with its fibrous components 
aligned in tensile direction. The bundles of fibers which were originally oriented more or less 
perpendicular to the fracture surface slid and were torn apart which is an indication for the 
delamination inside the twisted plywood layers. Additionally, the junctions between the fibers 
at the torn ends of the bundles are separated by flexible pore canal tubes which are stabilized 
by the mainly parallel oriented parts of adjacent twisted plywood layers and thus remain 
located in their original position. Those pore canal tubes which are torn out of the honeycomb 
structure protrude out of the fracture surface. The obliquely oriented parts of the honeycomb 
structure become arranged along the tensile direction during elongation most likely caused by 
delamination, rotation and deflection, which are indications for some microplasticity. 
Simultaneously, the honeycomb structure is divided into bundles in which the pore canals 
appear slightly compressed and elongated. The fibers oriented parallel to the fracture plane 
seem not to be deformed plastically but appear to have delaminated in a similar way as in the 
dry samples, although probably less pronounced. The described mechanisms indicate the 
occurrence of toughening effects such as crack deflection and bridging of the cracks which 
both lead to a stepwise crack propagation before the actual fracture. This stepwise crack 
propagation becomes obvious in the strain maps recorded for the wet samples during tensile 
testing (Fig. 36) in which the appearance of a crack, further crack opening and the crack 
propagation are indicated by strong strain localizations evolving along the pathway of the 
crack. In the wet state the fracture surfaces of the membranes reveal their ability to undergo 
large deformations. Thin and smooth layers of non-mineralized chitin-protein fiber planes 
which protrude from the fracture surface indicate their delamination and slipping which 
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occurred between the adjacent layers. In the hydrated state protein chains are bonded via 
water molecules forming hydrogen bonds between them. This facilitates slip between them 
during deformation. Dehydration or incorporation of mineral particles is likely to hinder this 
process. The pore canal system and pore canal tubes are absent in the membranes which 
supports their role serving as a transport system for the mineralization of the cuticle.  
The local strain analysis of the endocuticle can provide information about the correlation 
between the microstructure, the local mechanical properties and the underlying deformation 
behavior. The dry samples and the wet samples show pronounced heterogeneous strain 
patterns with a relatively even distribution of domains with low local strain and domains with 
elevated local strain. The domains display a similar development during the tensile test, but at 
a lower global strain level for the dry samples (Fig. 35) compared to the wet samples (Fig. 
36). The relatively uniform appearance of the strain patterns is generated by a similar 
distribution of low and high local strain domains in both the wet and the dry samples as 
shown by the analysis of the strain profiles (Figs. 38 and 39). This distribution is 
characterized by a specific wavelength which is in the order of 430 µm for the dry samples 
and 460 µm for the wet samples and describes the initial size of the different local strain 
domains (see Table 7). The formation of characteristic local strain patterns can be the result of 
variations and inhomogeneities of the microstructure. Such variations of the microstructure 
would be for example the cuticular pores, which can act as natural defects in the material as 
indicated by the analysis of the fracture surfaces. A periodicity in the arrangement of these 
pores could generate a distinct local strain pattern. The capability of microstructural features 
to generate strain patterning in biological materials has been shown for Haversian canals in 
bone (Kim et al., 2005). Variations of the material composition, mainly the grade of 
mineralization, might also affect the local deformation behavior. Earlier reports on the events 
during the beginning of the mineralization of the new cuticle of crabs after the molt show that 
crystalline calcium carbonate germs nucleate in the outermost cuticle layers which form flat 
discs and later spherulites that grow radially along the vertical axis of the cuticle (Giraud-
Guille, 2004). This radial growth causes neighboring spherulites to fuse, possibly creating 
boundaries in the areas of contact. Assuming that these boundaries affect the local mechanical 
properties and the mechanism of mineralization in the lobster cuticle similarly, this could also 
be a possible hint for the generation of the strain patterning observed in the lobster. However, 
the average diameter of these spherulites in crab cuticle seems to be about 200 µm whereas 
the wavelength of the strain patterns in the lobster is in the order of 450 µm. Surface 
roughness as cause for the strain patterns can be excluded since our samples have a roughness 
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of about 2 µm after the machining process and the depth of surface defects would have to be 
much larger in comparison to the sample thickness in order to affect the local mechanical 
properties.  
The evolution of the strain patterns does not differ greatly between pincher and crusher claw, 
neither in the dry state nor in the wet state (Table 7). However, distinct differences can be 
observed between the dry (Fig. 38) and the wet samples (Fig. 39). With increasing global 
strain the von Mises strain profiles of the dry samples retain their overall shapes and are 
merely shifted towards higher values. For a global strain of 0.6%, their amplitude reaches a 
value in the order of 0.2% with a lower threshold of about 0.5%. Remarkably, for the double 
amount of global strain (1.2%) the lower threshold of the wet samples amounts to the only 
slightly higher value of 0.8% whereas the amplitude is increased about four times to 0.9% 
compared to the dry samples (Table 7). The point analysis gives further details about the 
evolution of the local strain in the low strain domains and the high strain domains. In the low 
strain domains the strain evolution rate θ is in a similar range for both the dry (Fig. 40 a, b) 
and the wet samples (Fig. 40 c, d). In the high strain domains of the dry samples θ is only 
slightly higher than in the low strain domains, but becomes more than twice as high in the wet 
samples (Table 8). Noteworthy is the linear relationship between the global strain and the 
local strain which was also observed in cortical bone (Kim et al., 2005). A possible reason for 
the pronounced difference between the development of the low and high strain domains in the 
dry and the wet samples is the primarily elastic response and the limited plasticity in the dry 
state, obviously constricting the formation of domains which carry out the plastic deformation 
in the wet samples after reaching the yield strain.  
Before the brittle failure of the dry samples, strain localization zones do not necessarily 
appear early in the areas of fracture (Fig. 35). Strain accumulations leading to a catastrophic 
fracture obviously formed in less than 1 s, the time interval between the strain map recorded 
immediately before fracture (Fig. 35b-d) and the next image recorded by the experimental 
setup (not shown). The strain patterns of the wet samples include domains in which the strain 
continues to increase while the strain evolution attenuates in the domains of lower strain. 
Before failure some of these domains form strain localizations in which the crack initiation 
takes place. The incipient crack evolves from the edge and grows stepwise following the 
expanding strain localization zone until complete fracture occurs (Fig. 36). This fracture 
behavior is caused by the existence of some microplasticity and delamination effects in the 
twisted plywood structure which precede the actual failure event.  
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Comparable complex microstructures and micromechanical behavior are observable in 
commercially produced advanced polymer composites. Their excellent mechanical properties 
arise from the combination of components with the desired mechanical properties. Smart 
design strategies enable tailored materials for various applications. For instance, polymers 
reinforced with short glass fibers show similar well defined strain patterns depending on the 
distribution and orientation of the fibers (Godara and Raabe, 2006). The interaction of the 
different components causes heterogeneous strain patterns including zones of strain 
localizations, much as observed in our natural material.  
The local strain analysis of the membranes revealed a relatively homogeneous strain 
distribution in the dry state (Fig. 37 a, b). Instead of distinct strain patterns such as in the 
mineralized sample only large regions of elevated strain could be observed which might be 
caused by local differences in the sample thickness. Before fracture cracks evolved at the 
margins of the dry test specimens leading to the appearance of high strain localizations. In 
contrast to the mineralized samples incipient cracks did not induce immediate failing of the 
test specimens. In the wet state the observed local strains show a relatively homogeneous 
strain distribution but amount to much higher values (Fig. 37 c, d). Remarkably, an increase 
of the local strain in the longitudinal direction is associated with its decrease in the transverse 
direction which reaches values of more than 30% demonstrating the enormous deformability 
of the membranes in the wet state.  
Under compression the endocuticle of the American lobster displays a strong structural 
anisotropy in the global stress-strain behavior. While the samples which were tested in the 
normal direction show a large linear elastic region and an onset of plasticity, the samples 
which were tested in the transverse direction show an extended plateau region after a 
relatively small elastic region and at the end a steeply rising portion of the stress-strain curve. 
In the dry state the structural stiffness in the normal direction and in the transverse direction 
are almost equal (Table 9). In the wet state the structural stiffness in the normal direction is 
higher than in the transverse direction and only slightly lower than the value obtained for the 
dry samples (Table 9). Apparently, dehydration has only little effect on the structural stiffness 
in the normal direction, while in the transverse direction the structural stiffness increases by a 
factor of 1.5 from the wet to the dry state. The effect of dehydration on Poisson’s ratio is 
small in both compression directions. Noteworthy is the difference in Poisson’s ratio between 
observation directions I and II of transversely compressed samples. Both in the dry and in the 
wet state, Poisson’s ratio is about the factor 3.6 higher for the observation direction I than for 
the observation direction II. Compared to Poisson’s ratios obtained in tensile tests that 
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amounted to about 0.33 in the dry and in the wet state, the values for observation direction I 
are slightly lower. It is remarkable that when compressed in the transverse direction, the 
elastic deformation in the normal direction of the cuticle is much smaller than in the 
transverse direction of the cuticle. This behavior can be explained as an effect of the 
honeycomb-like structure of the pore canal system and the direction of the applied stress. 
When the cuticle is loaded in the transverse direction, the pore canals are compressed and 
broaden in the transverse direction, which corresponds to the cross section of the pore canals. 
In the normal direction, which corresponds to the long axis of the pore canals, the increase in 
length during compression is negligible. The deformation behavior is illustrated schematically 
in Fig. 45.  
The beginning of the plastic deformation is defined by the yield strain and stress. The yield 
strain amounts to higher values in the normal direction than in the transverse direction and 
increases from the wet to the dry state (Table 9). The same trends can be observed for the 
yield stress which is higher in the normal direction than in the transverse direction both in the 
dry and in the wet state. In the normal direction the difference in the yield strain and stress is 
less pronounced between the dry and the wet state while in the transverse direction 
desiccation has a slightly higher effect on the values of the yield strain and yield stress. In 
contrast to the normal direction the yield point marks the beginning of the plateau region in 
the transverse direction (Fig. 41). After reaching a critical stress level the structure deforms 
continuously without a strong increase in stress. This deformation behavior is similar in the 
dry and in the wet state but the stress is shifted to much higher values in the dry state. 
Considering the honeycomb-like structure, the observed stress values are at the threshold 
where the pore canals probably start collapsing. A similar behavior has been described for 
polycarbonate honeycombs (Papka and Kyriakides, 1998). After the densification which is 
reached at a strain of about 30% and a stress of 87 MPa in the dry state and of 25% and 35 
MPa in the wet state, the stress increases stronger in the dry state than in the wet state. The 
final strain to fracture and stress to fracture values are higher for dry cuticle than for wet 
cuticle. In the normal direction the strains to fracture are much lower compared to the 
transverse direction, whereas the corresponding stresses to fracture are higher for wet but 
lower for dry cuticle. A fundamental difference was observed in the failure of the samples. 
While the samples tested in the normal direction failed by cleavage in compression direction, 
the samples tested in the transverse direction showed a distinct fracture plane oriented 
perpendicular to the cuticle surface and 45° to the compression direction (Fig. 42), which is 
equal to the direction of the maximum shear stress. This can be explained by failure of the 
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structure along the long axes of the pore canals, resulting in the propagation of the crack from 
one pore canal to the next. To investigate the origin of these phenomena shear tests were 
performed on dry cuticle to evaluate the fracture energy which is needed to create distinct 
fracture planes (Fig. 48). In the twisted plywood structure of the cuticle, two different shear 
planes exist which are oriented either parallel to the cuticle surface (mode I) or perpendicular 
to the cuticle surface (modes II and III). The difference between mode II and III is the shear 
direction which in this case can be in the normal or in the transverse direction of the cuticle 
(Fig. 26 b, c). A fracture of mode II has the highest fracture energy because the planes of 
mineralized fibers are displaced against each other longitudinally with respect to cuticle 
geometry. Thereby, the fibers are sheared and have to be fractured. In mode I the fracture 
leads to the delaminating of the superimposed mineralized fiber planes and lateral movement. 
Additionally, the pore canal tubes are sheared off. The fracture energy amounts to the slightly 
lower value than mode I. In mode III the fracture energy is reduced about 40%. In this case 
neither the pore canals nor the mineralized fiber planes have to be sheared off. In a 
unidirectional fiber reinforced composite the fracture plane is also oriented 45° to the 
compression direction and parallel to the fiber axis if the composite is loaded perpendicular to 
the fiber orientation (Piggott, 1980). The numerous pore canal tubes which also contain chitin 
fibers may play an important role as they act like the unidirectional fibers in this load case and 
likely stitch the mineralized fiber planes together improving the resistance against 
delamination (Dow and Dexter, 1997). As mentioned above, in crustaceans the original 
function of the pore canal system is the transport of minerals used for hardening the new 
exoskeleton after the molt (Dillaman et al., 2005). The mechanical data suggest that the pore 
canal system also performs structural functions in the lobster’s exoskeleton. The local strain 
analysis revealed significant differences in the plastic deformation behavior between samples 
which were compressed in the normal and in the transverse direction. By comparing the two 
observation directions in the transversally compressed cuticle, a strong anisotropy in the 
plastic deformation can be found. While in the samples tested in the normal direction a 
relatively homogeneous strain distribution was observed in the longitudinal direction, the 
samples tested in the transverse direction developed band-like regions of high strain which 
expanded into the adjacent areas (Fig. 43 a). Their evolution corresponds to the plateau region 
in the global stress-stain curve indicating that in these zones the honeycomb-like structure of 
the pore canal system has already collapsed while the adjacent areas are still intact. The fact 
that they appear at different positions in the displayed specimens could be due to local 
variations in the microstructure such as different mineral content, causing the structure to start 
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collapsing in the weakest spot of the respective sample. Remarkably, similar zones are only 
visible in observation direction I for the local strain in the lateral direction while in 
observation direction II the local strain remains at a very low level (Fig. 43 b). These 
differences in the level of lateral strain appear both in the wet and in the dry state and can be 
explained as effect of the microstructure and the direction of the applied stress, analogously to 
the elastic behavior of the samples described above. During compression in the transverse 
direction the samples become shorter in the longitudinal direction due to collapsing pore 
canals which are responsible for the honeycomb-like structure. In the lateral direction two 
deformation modes are observed depending whether one looks at the surface of the sample 
(transverse I) or at the cross section of the sample (transverse II). In transverse I the collapsing 
pore canals lead to a broadening of the sample which becomes visible as elevated lateral 
strain. This broadening of the sample cannot be observed in transverse II because the 
collapsing pore canals are not elongated. From this perspective the broadening is out of the 
image plane and only leads to a movement of the sample surface towards the observer (comp. 
Fig. 45). Distinct differences of the local deformation cannot be observed between the dry and 
the wet state. The strain profiles further support the proposed mechanism.  
The underlying deformation mechanisms become visible by examining the microstructure of 
test specimens after compression. Due to their complex microstructure, it is difficult to 
identify signs of deformation in the samples tested in the normal direction in the dry and in 
the wet state, as they were merely deformed about 10% (Fig. 46). In contrast, in the transverse 
direction two forms of deformation mechanisms can be observed. In the layers where the 
fibers are oriented perpendicular to the compression direction the pore canals have collapsed 
(Figs. 47 b, e) while in the layers where the fibers are oriented parallel to the compression 
direction the fiber bundles have buckled into the cavities of the pore canals (Figs. 47 c, f). 
Noteworthy, the pore canal tubes appear hardly damaged and are obviously able to prevent 
delamination of the layers when the layers are distorted against each other. Consequently, the 
samples do not expand in this direction as visible for the observation direction II in the strain 
maps (Fig. 43 b). The buckling of fibers demonstrates their ability to undergo large local 
plastic deformation in the wet but also in the dry state. However, in the dry state microcracks 
are visible but do not lead to a brittle failure due to the compression loading. The described 
deformation is likely to take place in the plateau region of the stress-strain curve. When a 
critical stress level is reached in the transverse direction, the honeycomb-like structure starts 
to collapse as observed by the appearance of bands of high strain in the strain maps (Fig. 43 a, 
b). Progressively, the adjacent structure fails which can be seen as expansion of the zones of 
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high deformation in the strain maps. There is no significant difference in the deformation 
behavior in the transverse direction in the dry and in the wet state except that the stress 
threshold is much higher in the dry than in the wet state. Under compression, hydration does 
not seem to affect the deformation and fracture behavior of lobster cuticle in such a dramatic 
way than under tension. This is due to the fact that beyond the yield point the endocuticle 
undergoes a densification instead of a separation of fibers. This hinders crack opening and 
propagation and thus delays the failure of the test specimens. Nevertheless, hydrated samples 
are more ductile and support higher strains to fracture than dry samples. Additionally, 
hydration seems to impede the formation of microcracks in the structure during compression, 
which supports the role of water as a plastifier (Vincent and Wegst, 2004). Generally, the 
observed characteristics in the deformation are typical for honeycombs. The observed and 
measured properties in the transverse direction of the lobster endocuticle are quite similar to 
the mechanical response of a classical honeycomb in its in-plane direction. The same is valid 
for the normal direction which corresponds to the out-of-plane direction of a honeycomb 
structure (Gibson and Ashby, 1997).  
The unload-reload tests allow elucidating the nature of the underlying deformation 
mechanism during the elastic-plastic deformation of mineralized cuticle. Under tension and 
under compression in the transverse direction the damage coefficient increases strongly which 
implies that straining likely causes separation between the chitin fibrils, the mineral particles 
and the protein matrix. Consequently, the deformation of mineralized cuticle seems to be less 
governed by plasticity as in metals but by damage of the internal structure. Nevertheless, in 
bone internal slip mechanisms were proposed which may be involved in the deformation 
(Gupta et al., 2007; Mercer et al., 2006). Finally, the question can be raised if the exoskeleton 
is designed to undergo irreversible deformations or to withstand loads causing elastic 
deformation exclusively which is probably the case in the natural habitat.  
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4 Investigation of the microscopic mechanical properties 
 
Micro- and nanoindentation are particularly suitable for the investigation of local variations in 
the mechanical properties and thus have become established techniques in material testing. 
Depending on the applied load and the characteristic volume, mechanical properties of the 
material can be examined at different length scales and different levels of organization. The 
option for probing multiple positions in one measurement allows a systematic scanning of an 
area to detect variations in the local mechanical properties.  
 
4.1 Materials and Methods 
 
4.1.1 Fundamentals of indentation 
 
In depth sensing indentation techniques, mechanical properties can be derived by analyzing 
the load-displacement data obtained by the penetration of an indenter into a material (Fig. 51). 
The elastic modulus and the hardness can be determined from the unloading curve assuming 
elastic behavior and a constant contact area between the indenter and the specimen while 
removing the load. Sneddon’s solution provides a simple relation between the load P and the 
penetration depth h for the indentation of a cylindrical punch: haP *
1
4
ν
μ
−=  where a is the 
radius of the cylinder, μ is the shear modulus of the indented material and ν is its Poisson’s 
ratio. The contact area Ac and the relation between the shear µ and the elastic modulus E are 
given by the following formulas: 2aAc π=  and )1(*2 νμ +=E . By substituting and 
differentiating one can obtain the following expression: 21
**2 νπ −=
EA
dh
dP
c . In Hertzian 
contact mechanics the reduced elastic modulus Ered is defined as 
i
i
red EEE
22 111 νν −+−=  where 
νi is Poisson’s ratio of the indenter and Ei its elastic modulus. If the indenter is considered to 
be much stiffer than the probed material the latter equation can be reduced to 21 ν−=
EEred . 
The contact stiffness S is defined as the slope of the unloading curve at the maximum load 
Pmax : dh
dPS = . In nanoindentation tests it is commonly determined by the Oliver Pharr 
method by fitting the initial (90 – 20 %) unloading curve by a power law mfhhAP )( −×=  
(A, m coefficients, hf final indentation depth) (Oliver and Pharr, 1992). The reduced elastic 
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modulus can then be calculated directly from 
c
red A
SE *
2β
π=  where β is an additional 
correction constant for indenters with non-axis-symmetric geometry (for instance, 1.034 for 
the Berkovich indenter and 1 for conical indenters). The contact area Ac is a function of the 
contact depth hc which can be derived from the maximum indentation depth hmax and the 
contact stiffness by 
dP
dhPhhc maxmax *ε−= . The constant ε amounts to about 0.75 for square 
or triangular indenters while for conical indenters ε is 1 and hr becomes equal to hc. In 
experiments the contact area Ac as a function of the indentation depth h is derived from a 
calibration curve by indenting a standard material with selected elastic properties. The 
hardness H is simply defined by 
cA
PH max= .  
 
 
Fig. 51. Schematic representation of load-displacement curve (a) which shows the loading and the 
unloading segment and characteristic data of the indentation and schematic illustration of the 
interaction between the indenter and the penetrated surface (b).  
 
 
4.1.2 Microindentation 
 
4.1.2.1 Sample preparation and testing procedure 
 
The cuticle piece used for microindentation was dissected from the flat side of an air-dried 
crusher claw. The test specimen with a width and a length of 5 mm was fixed with the 
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exocuticle pointing upwards to a steel cylinder with a diameter of 5 mm and a height of 10 
mm using a two component adhesive (UHU plus endfest 300). The sample surface was 
carefully knife polished using a rotary microtome (Leica RM 2165) equipped with a steel 
knife. The feed rate was gradually decreased from 5 µm down to 500 nm to obtain the lowest 
surface roughness possible. Subsequently, layers of 50 µm thickness were removed following 
the same procedure. In between microindentation tests were carried out to obtain a profile of 
the reduced elastic modulus and the hardness with increasing cutting depth using a 
Fischerscope H100C equipped with a Vickers indenter. The quadratic indentation pattern 
comprised 25 indents with a spacing of 0.5 mm. The maximum load of 500 mN was applied 
in ten steps. The experimental error amounted to 0.2 µN for the load and about 0.5 nm for the 
indentation depth. The reduced elastic modulus was derived from the slope of the unloading 
curve using a quadratic polynomial fitting function. The contact area Ac was calculated from 
the indentation depth h applying the following geometrical relation between both variables: 
2*43.26 hAc = .  
 
4.1.2.2 Microscopy 
 
One remaining cuticle sample was cleaved and prepared for scanning electron microscopy 
(SEM). The fractured cuticle cross-section was sputter-coated with 10 nm gold, mounted on 
aluminum sample holders and examined in a CamScan 4 scanning electron microscope. 
 
4.1.3 Nanoindentation  
 
4.1.3.1. Sample preparation and testing procedure 
 
The specimens used for nanoindentation were taken from the air-dried crusher claw of a large 
adult, non-molting American lobster (Homarus americanus). Four locations were chosen as 
sampling points, the first (C1, Fig. 52 a) and the second one (C2, Fig. 52 a) were located on 
the upper surface of the claw (further on referred to as “shell”), the third one was taken from 
one of the large reinforced ridges used for crushing prey which are located on the inner edge 
of the immobile finger of the claw (further on referred to as “tooth”, C3 in Fig. 52 a), and the 
fourth one from the articular membrane of the joint of the mobile finger (further on referred to 
as “membrane”, C4 in Fig. 52 a). From each location three samples were examined. Each of 
these samples was cleaved into four smaller pieces from which one was glued with its cross-
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section pointing upwards and two with their surface pointing upwards to the sample holders. 
Flat magnetic steel discs with a diameter of 12 mm and a height of 3 mm were used as sample 
holders in combination with a two component adhesive (UHU plus endfest 300) for fixation 
(Fig. 52 b).  
 
 
 
Fig. 52. Samples used for nanoindentation. (a) Locations of the samples prepared from the crusher 
claw (C1, C2, C3, C4). (b) Test specimens exposing the polished surfaces of the exocuticle parallel to 
the cuticle surface (exo nd), the endocuticle parallel to the cuticle surface (endo nd) and exo and 
endocuticle in cross-section (exo/endo td), mounted on holders. (c) Schematic representation of the 
four different indentation sites of the cuticle. nd normal direction; td transverse direction.  
 
 
Subsequently, the samples were knife polished using a rotary microtome (Leica RM 2165) 
equipped with a steel knife. The feed rate was gradually decreased from 10 µm down to 500 
nm to obtain the lowest surface roughness possible. Before polishing, the epicuticle of the 
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samples designated for indentation of the exocuticle in the normal direction was removed. 
The exocuticle of the samples designated for indentation of the endocuticle in the normal 
direction was gradually removed with 20 µm thick cuts until reaching the desired depth. After 
polishing, all samples were cleaned by washing them for 1s in 100% methanol. In the samples 
taken from the articular membrane one can not differentiate clearly between the exocuticle 
and the endocuticle. Hence, the membrane samples were only indented in the normal and in 
the transverse direction.  
The nanoindentation tests were performed using a Hysitron Tribo-Indenter equipped with a 
1D-transducer enabling a maximum indentation force of up to 12 mN. A Berkovich diamond 
tip was used as an indenter. As a load function a triangular and trapezoidal course was 
designed. The maximum load of 1000 µN was applied and removed at a rate of 200 µN/s. The 
holding time was defined to 0 s or 20 s, respectively. The samples with their cross-section 
pointing upwards were indented in the transverse direction both in the exo- and endocuticle 
and the samples with their surface pointing upwards were indented in the normal direction. 
On each indentation site three quadratic patterns comprising 100 indents with a spacing of 5 
µm were placed. The reduced elastic modulus was calculated by the Oliver Pharr method 
which is included in the Hysitron software (Triboview version 6.0.0.31). The area function to 
obtain the contact area Ac was derived from measuring a PMMA (polymethyl-methacrylate) 
standard.  
 
4.1.3.2 Microscopy and EDX analysis 
 
Apart from the membrane, the remaining cleaved samples were prepared for scanning 
electron microscopy (SEM). The fractured surfaces were sputter-coated with 10 nm gold, 
mounted on aluminum sample holders and examined in a CamScan 4 scanning electron 
microscope. The samples indented transversally into the cross-section were prepared for SEM 
using the same protocol. A qualitative energy dispersive x-ray (EDX) mapping for calcium 
was carried out at the interface between the endocuticle and the exocuticle using an Oxford 
EDX ISIS LINK system.  
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4.1.4 Scanning nanoindentation 
 
4.1.4.1 Sample preparation and testing procedure 
 
The test specimens were dissected from the planar side of an air-dried crusher claw of a large 
adult, non-molting American lobster (Fig. 53). The obtained cuticle sample was cleaved into 
two roughly rectangular pieces which were glued upright on flat magnetic steel discs with a 
diameter of 12 mm and a height of 3 mm using a cyanoacrylate adhesive (Pattex 
Sekundenkleber). Both sides and the underside of the test specimens were milled in order to 
obtain columns of 2 mm x 2 mm without removing the exocuticle. Subsequently, the exposed 
cross-section was knife polished using a rotary microtome (Leica RM 2165) equipped with a 
steel knife. The feed rate was gradually decreased from 10 µm down to 250 nm to obtain the 
lowest surface roughness possible. After polishing, the test specimens were cleaned by 
washing them in 100% methanol for 1 s. Circular regions of interest with a diameter of 
approximate 300 µm were defined in the exocuticle including the transition zone and the 
endocuticle. They were marked on each test specimen by scratching the polished surface with 
a diamond tip into.  
The nanoindentation tests were performed using a Hysitron Tribo-Indenter equipped with a 
Berkovich diamond tip and a 1D-transducer enabling a maximum indentation force of up to 
12 mN. The selected load function consisted of a loading step of 5 s, a holding time of 20 s at 
a maximum load of 1000 µN and an unloading step of 5 s. The designed pattern comprises 
1200 indents arranged into 60 rows with a spacing of 2 µm. Each row consists of 20 indents 
with a spacing of 2 µm and every second row was shifted 1 µm relatively to the adjacent rows 
to increase the spacing between the indents of successive rows. In each region of interest one 
pattern was placed and aligned with the lamellae of the endocuticle and the exocuticle, 
respectively. The area function to obtain the contact area Ac was derived from measuring a 
PMMA (polymethyl-methacrylate) standard.  
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Fig. 53. Nanoindentation tests: (a) Samples (A,B) were dissected from an air-dried lobster claw. (b) 
The fixed samples exposing the cuticle cross-section. (c,d) In circular regions of interest marked on the 
exo- (c) and endocuticle (d) patterns (white rectangles) comprising 1200 indents arranged into 60 rows 
with a spacing of 2 µm were set.  
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4.2 Results 
 
4.2.1 Microindentation 
 
The profile of the reduced elastic modulus and the hardness as determined by the 
microindentation tests are shown in Fig. 54. Both the reduced elastic modulus and the 
hardness reveal pronounced gradients inside the procuticle. In the exocuticle the level of the 
reduced elastic modulus amounts to about 9 GPa and decreases by more than a factor of two 
to a level of about 4 GPa at the interface with the endocuticle. The hardness increases first 
gradually from about 130 MPa to about 250 MPa in the exocuticle before it decreases sharply 
to about 40 MPa at the interface with the endocuticle.  
 
 
 
Fig. 54. Profile of the reduced elastic modulus (a) and the hardness (b) through the thickness of the 
procuticle. The dotted line marks the interface between the exocuticle and the endocuticle.  
 
 
4.2.2 Nanoindentation 
 
The mechanical properties derived by nanoindentation are the hardness and the reduced 
elastic modulus. Each data point depicted in Figs. 55 and 56 represents the average of 300 
indents and the standard deviation is indicated by the scatter bars. For evaluating the time 
effect on the hardness and the reduced elastic modulus, the values for a holding time of 20 s 
are added to the diagrams. As the effect of the holding time on the hardness and the reduced 
elastic modulus do not seem to be significant, differences are not described in detail. The first 
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two sets of data points represent the values for the exocuticle in the normal and in the 
transverse direction, the third and fourth represent the corresponding values for the 
endocuticle.  
 
 
 
Fig. 55. Hardness depending on the indentation site at an applied maximum load of 1000 µN (C1 to 
C4). The first pair of data points represents the values for the exocuticle in the normal (exo nd) and in 
the transverse direction (exo td), the second pair the value for the endocuticle in the normal (endo nd) 
and in the transverse direction (endo td) and the value for the membrane in the normal (mem nd) and 
in the transverse direction (mem td), respectively.  
 
 
Fig. 56. Reduced elastic modulus depending on the indentation site at an applied maximum load of 
1000 µN (C1 to C4). The first pair of data points represents the values for the exocuticle in the normal 
(exo nd) and in the transverse direction (exo td), the second pair the value for the endocuticle in the 
normal (endo nd) and in the transverse direction (endo td) and the value for the membrane in the 
normal (mem nd) and in the transverse direction (mem td), respectively.  
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The hardness data as a function of indentation site and holding time are shown in Fig. 55. The 
samples C1 and C2 (shell) achieved a maximum hardness of approximately 310 MPa in the 
exocuticle probed in the normal direction compared to a maximum hardness of the sample C3 
(tooth) between 600 MPa and 700 MPa for the same indentation site. By changing the 
indentation site in the exocuticle to the transverse direction, the hardness decreases to 
approximately 270 MPa for the samples C1 and C2 and to approximately 510 MPa for the 
sample C3 which is equal to a difference of 40 MPa or 140 MPa, respectively. In the normal 
direction of the endocuticle the hardness reaches a value of approximately 200 MPa for the 
samples C1 to C3. However, in the endocuticle the maximum hardness is reached in the 
transverse direction. It amounts to approximately 240 MPa for the samples C1 and C2 (shell) 
and to approximately 300 MPa for the sample C3 (tooth). Consequently, the gradient from the 
exocuticle to the endocuticle is more pronounced in the normal direction than in the 
transverse direction. In the normal direction it is in the order of 110 MPa for the samples C1 
and C2 and 450 MPa for the sample C3. In the transverse direction it amounts to 30 MPa for 
the samples C1 and C2 or to 210 MPa for the sample C3, respectively. The hardness of the 
sample C4 (membrane) amounts to lower values of about 100 MPa in the normal direction 
and about 120 MPa in the transverse direction. As in the endocuticle of the samples C1 to C3, 
the hardness is higher in the transverse than in the normal direction. Table 10 summarizes the 
hardness values for the different indentation sites and directions.  
 
 
hardness exocuticle [MPa] hardness endocuticle [MPa] 
sample normal 
direction 
transverse 
direction 
normal 
direction 
transverse 
direction 
C1 shell 310 270 200 240 
C2 shell 310 270 200 240 
C3 tooth 650 510 200 300 
C4 membrane - - 100 120 
 
Table 10. Comparison of average hardness values obtained for the samples C1 to C4.  
 
 
Accordingly, the reduced elastic modulus as a function of indentation site and holding time is 
shown in Fig. 56. In the exocuticle the samples C1 and C2 (shell) reached a maximum 
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reduced elastic modulus of approximately 10 GPa in the normal direction. Here the sample C3 
(tooth) obtains a maximum of approximately 26 GPa. In the corresponding transverse 
direction the reduced elastic modulus decreases to approximately 9 MPa for the samples C1 
and C2 and to approximately 23 GPa for the sample C3 which is equal to a difference of 1 
GPa or 3 GPa, respectively. In the endocuticle the reduced elastic modulus in the normal 
direction reaches a value of approximately 6 GPa for the samples C1 and C2, and a slightly 
lower one of approximately 4 GPa for the sample C3. Analogically to the hardness, in the 
endocuticle the maximum reduced elastic modulus is detected in the transverse direction. It 
amounts to approximately 7 GPa for the samples C1 and C2 (shell) and to approximately 12 
GPa for the sample C3 (tooth).  
 
 
red. el. modulus exocuticle [GPa] red. el. modulus endocuticle [GPa] 
sample normal 
direction 
transverse 
direction 
normal 
direction 
transverse 
direction 
C1 shell 10 9 6 7 
C2 shell 10 9 6 7 
C3 tooth 26 23 4 12 
C4 membrane - - 3 5 
 
Table 11. Comparison of the average reduced elastic modulus (referred to as stiffness in the 
discussion) obtained for the samples C1, C2, C3 and C4.  
 
 
Similarly to the hardness, the gradient from the exocuticle to the endocuticle is more 
pronounced in the normal direction than in the transverse direction. In the normal direction it 
is in the order of 4 GPa for the samples C1 and C2 and 22 GPa for the sample C3. In the 
transverse direction it only amounts to 2 GPa for the samples C1 and C2 or to 11 GPa for the 
sample C3, respectively. The reduced elastic modulus of the sample C4 (membrane) amounts 
to lower values of about 3 GPa in the normal direction and about 5 GPa in the transverse 
direction. As observed for the hardness, the reduced elastic modulus is higher in the 
transverse than in the normal direction. Table 11 summarizes the reduced elastic modulus 
values for the different indentation sites and directions.  
Because Poisson’s ratio of the cuticle in our area of interest is not satisfactorily evaluated, we 
refer to the reduced elastic modulus as stiffness in the following discussion.  
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4.2.2.1 Microstructure and mineralization 
 
The scanning electron microscopic overview image of the perpendicularly fractured cuticle 
from the upper surface of the claw (shell, samples C1 and C2) shows the differences in the 
microstructure of the outer exocuticle and the inner endocuticle (Fig. 57 a). The interface 
between them is well distinguishable as a change in the stacking height of the Bouligand 
layers. In the exocuticle the stacked fiber layers take about 10 µm to complete a 180° rotation 
and in the endocuticle about 30 µm. The exocuticle is about 200 µm thick in the C1 and C2 
areas.  
 
 
 
 
Fig. 57. Microstructure of the cuticle. (a) Sample of shell cuticle (C1) fractured perpendicular to the 
cuticle surface. Lines mark the stacks of twisted plywood layers. (b) Overview of the fractured cuticle 
of the crushing ridge, (C3, tooth). The line on the fracture surface marks the interface between exo- 
and endocuticle. (c) Detail image of fractured exocuticle, bl Bouligand layer, arrows mark the pore 
canals. (d) Detail image of fractured endocuticle, bl Bouligand layer, arrows mark the pore canals.  
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In the sample taken from the reinforced ridges used for crushing prey which are located on the 
inner edge of the claw (tooth, sample C3) the endocuticle easily reaches thicknesses of up to 
1.5 mm (Fig. 57 b). The stacking height of the rotating fiber planes does not differ from the 
shell samples. At higher magnification, details of the microstructure become visible. In the 
exocuticle (Fig. 57 c) the mineralized fibers are more densely packed and the pore canals are 
smaller than in the endocuticle (Fig. 57 d). After the indentation experiments EDX mapping 
was conducted on the samples where the cross-section had been tested. In order to detect 
possible differences in the grade of mineralization of the different layers, the interface 
between exocuticle and endocuticle was chosen as the area of interest. The results of the 
qualitative analysis for calcium content are shown in Fig. 58. The exocuticle - endocuticle 
interface can be seen as change in the shading in the center of the images for all three 
samples. In all three samples the calcium content is higher in the exocuticle than in the 
endocuticle. While the difference is less pronounced for the samples C1 and C2 (shell), the 
sample C3 (tooth) shows a more pronounced gradient of calcium from exo- to endocuticle.  
 
 
Fig. 58. Qualitative EDX mapping of calcium at the interface between exocuticle and endocuticle, C1 
and C2 are the samples from the shell and C3 the sample from the tooth structure. The dashed line 
marks the interface between exocuticle and endocuticle, the color codes represent the registered 
calcium counts.  
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4.2.3 Scanning nanoindentation 
 
The mechanical data obtained by scanning nanoindentation are the hardness and the reduced 
elastic modulus. The distribution of the hardness and the reduced elastic modulus across the 
measuring length is shown for the endocuticle in Fig. 59 and for the exocuticle in Fig. 60. 
Each data point represents the average of 20 indents which are included in each row of the 
indentation pattern. The standard deviation is indicated by the scatter bar. The curves for the 
hardness and the reduced elastic modulus display a wavelike profile for all indentation sites. 
To determine characteristic data, such as the wavelength, the amplitude and the mean value, 
the data were fit using the following sine function )*2sin(*
W
FxACy −+= π  where C is a 
constant representing the mean value, A is the amplitude, F is the phase shift and W is the 
wavelength which represents the average spacing between neighboring maxima or minima.  
The wavelength average from the profile of the reduced elastic modulus and the hardness 
amounts to about 32.2 µm (A) and 30.7 µm (B) in the endocuticle and to 10.7 µm (A) and 
10.1 µm (B) in the exocuticle. The corresponding value of the stacking height of the twisted 
plywood structure is approximately 32.2 µm (A) and 31.7 µm (B) in the endocuticle and to 
approximately 10.5 µm (A) and 9.7 µm (B) in the exocuticle. In the light micrograph fibers 
which are oriented parallel to the cross-sectional surface appear as dark lines whereas fibers 
which are oriented perpendicular to the cross-sectional surface appear as bright lines. A 
comparison of the profile of the reduced elastic modulus and the hardness with the fiber 
orientation shows that the maxima in the profile correspond to perpendicular fiber orientations 
and the minima to parallel fiber orientation. In Fig. 59 d the transition from the exocuticle to 
the endocuticle can be observed as the measurement field was partly located in the 
endocuticle. At a row position of about 40 µm the wavelength changes abruptly from about 25 
µm to 10 µm. Noteworthy, the reduced elastic modulus and the hardness increase strongly in 
the last lamella of the endocuticle. The mean value of the reduced elastic modulus increases 
from 9.8 GPa (A) and 11.3 GPa (B) in the endocuticle to 12.8 GPa (A) and 13.4 GPa (B) in 
the exocuticle. The mean value of the hardness increases from 264.5 MPa (A) and 310.6 MPa 
(B) in the endocuticle to 378.0 MPa (A) and 368.1 MPa (B) in the exocuticle. Table 12 
summarizes the characteristic data derived from the profile of the reduced elastic modulus and 
of the hardness.  
 
  
105Investigation of the microscopic mechanical properties 
 
Fig. 59. Profiles of the reduced elastic modulus Ered and the hardness H shown on light micrographs of 
the measurement fields obtained for the endocuticle in the specimens A (a) and B (b). Bright areas 
show fibers oriented parallel and dark areas fibers oriented perpendicular to the sample surface.  
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Fig. 60. Profiles of the reduced elastic modulus Ered and the hardness H shown on light micrographs of 
the measurement fields obtained for the exocuticle in the specimens A (a) and B (b). Bright areas show 
fibers oriented parallel and dark areas fibers oriented perpendicular to the sample surface.  
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sample 
Ered 
wavelength 
[µm] 
Ered 
amplitude 
[GPa] 
Ered 
mean value 
[GPa] 
H 
wavelength 
[µm] 
H 
amplitude 
[MPa] 
H 
mean value 
[MPa] 
M 
stacking height 
[µm] 
exo 10.8 ± 0.2 0.5 ± 0.2 12.8 ± 1.1 10.6 ± 0.2 12.6 ± 5.6 378.0 ± 31.8 10.5 
A 
endo 31.8 ± 0.3 1.9 ± 0.1 9.8 ± 1.4 32.7 ± 0.4 37.4 ± 3.7 264.5 ± 32.7 32.2 
exo 10.1 ± 0.1 2.1 ± 0.3 13.4 ± 2.2 10.1 ± 0.1 57.4 ± 10.3 368.1 ± 65.1 9.7 
B 
endo 30.7 ± 0.4 3.9 ± 0.4 11.3 ± 3.4 30.7 ± 0.6 86.9 ± 11.7 310.6 ± 87.1 31.7 
 
Table 12. Characteristic data derived from the profiles of the reduced elastic modulus (Ered) and the 
hardness (H). M is the stacking height of the twisted plywood structure.  
 
In order to investigate the relationship between the mechanical properties and the orientation 
of the fibers, the sine curve fit was used to assign a rotation angle α to each data point in the 
profiles. The rotation angle α was defined as the smallest angle between the fiber axis and the 
cross-sectional plane (Fig. 61). The data points were fit again by using the following sine 
function αsin*ACy +=  where C is a constant representing the mean value, A the amplitude 
and α is the rotation angle.  
In Fig. 61 a the correlation between the rotation angle α and the reduced elastic modulus in 
the endocuticle and the exocuticle of both samples is shown. In the endocuticle the reduced 
elastic modulus increases from about 7.7 GPa for an angle of 0° to about 12.5 GPa for an 
angle of 90°. In the exocuticle the gradient is less pronounced and the reduced elastic modulus 
varies from about 12.1 GPa for an angle of 0° to about 14.5 GPa for an angle of 90°. The 
mean value amounts to 10.1 GPa in the endocuticle and to 13.3 GPa in the exocuticle. The 
hardness displays a similar course but less distinct between both layers (Fig. 61 b). The 
hardness ranges from 227.0 MPa at 0° to 325.6 MPa at 90° in the endocuticle and from 355.0 
MPa at 0° to 410.8 MPa at 90° in the exocuticle. The mean value amounts to 276.3 MPa in 
the endocuticle and to 382.9 MPa in the exocuticle. The results of the curve fitting are 
summarized in Table 13.  
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Fig. 61. Correlation between the fiber orientation α with respect to the sample surface and the reduced 
elastic modulus (a) and the hardness (b).  
 
cuticle 
layer 
mean of Ered 
[GPa] 
amplitude of Ered 
[GPa] 
mean of H 
[MPa] 
amplitude of H 
[MPa] 
endocuticle 10.1 ± 0.1 2.4 ± 0.2 276.3 ± 3.7 49.3 ± 5.4 
exocuticle 13.3 ± 0.1 1.2 ± 0.2 382.9 ± 3.9 27.9 ± 5.5 
 
Table 13. Characteristic data derived from the plot of the reduced elastic modulus (Ered) and the 
hardness (H) against the rotation angle for both the exo- and the endocuticle.  
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The effect of mineralization on the reduced elastic modulus and the hardness for different 
fiber orientations can be estimated by calculating the ratio between the obtained data in the 
endocuticle and the exocuticle. For a rotation angle of 0° the reduced elastic modulus and the 
hardness increased about 60% from the endocuticle to the exocuticle. With increasing rotation 
angle the ratio decreases to 30% for the reduced elastic modulus and to 20% for the hardness. 
Additionally, the relationship between the reduced elastic modulus and the hardness can be 
evaluated by plotting the reduced elastic modulus against the hardness of each data point of 
both layers and samples (Fig. 62). A linear relation between the two properties can be 
observed for values obtained in the endocuticle as well as for the ones obtained in the 
exocuticle. A slope of 9.9 ± 6.8 [MPa/GPa] and an offset of 27.1 ± 0.6 [MPa] was determined 
by linear curve fitting (Fig.62).  
 
 
Fig. 62. Relationship between reduced elastic modulus and hardness of all values obtained for the 
exocuticle and the endocuticle of the two test specimens A and B.  
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4.3 Discussion 
 
4.3.1 Micro- and Nanoindentation 
 
Biological materials display sophisticated designs to fulfill diverse requirements. These 
designs are realized through the control of the local structure and composition and, thereby, of 
the mechanical properties of the materials. With exo- and endocuticle the cuticle of the 
American lobster Homarus americanus comprises two mechanically relevant layers with 
different characteristics in their mechanical properties which could be demonstrated, for 
instance, by bending tests. The preliminary microindentation tests revealed a strong and 
abrupt change of the stiffness and the hardness across the interface between the exocuticle and 
the endocuticle. The stiffness decreased by a factor of two and the hardness by a factor of 
five. Unlike the hardness, the stiffness remained at a constant level in the exocuticle and the 
endocuticle. The fluctuations of the hardness may be caused by differences in the surface 
roughness due to the knife-polishing. The microindentation of the exocuticle was conducted 
in its normal direction with respect to the cuticle surface. An indentation in the transverse 
direction of the exocuticle was not feasible due to its thickness of about 200 µm. The obtained 
values of the stiffness in the normal direction are consistent with the elastic data obtained in 
the cyclic loading tests and the compression tests. In order to investigate the mechanical 
properties of the cuticle both in the normal and in the transverse direction nanoindentation 
tests were performed. By selecting locations of the cuticle with different biological functions 
which are present especially in the claws, design principles of the material can be examined 
closer. In the crusher claw, the outer exocuticle is structurally modified in the two different 
areas which were investigated by nanoindentation. While the cuticle taken from the shell in 
the locations C1 and C2 (Fig. 52 a) performs the role of structural support for the exoskeleton, 
the cuticle taken from the reinforced ridge on the inner edge of the immobile finger of the 
claw (“tooth” region, C3, Fig. 52 a) performs a specific function, namely crushing the prey of 
the lobster, mostly hard shelled mollusks. In contrast, the cuticle taken from the joints needs 
to be flexible as it serves as articular membrane. In the shell, the exocuticle has a continuous 
thickness of approximately 200 µm. In the tooth area the exocuticle is enlarged to a thickness 
of more than 1 mm while in the membranous cuticle it can not be distinguished. A 
comparison of the hardness determined in the normal direction shows that with 650 MPa the 
exocuticle of the tooth is more than twice as hard as the exocuticle of the shell with 310 MPa 
(Table 10). In the transverse direction the hardness decreases by about 13% to 270 MPa in the 
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shell and by about 21% to 510 MPa in the tooth. Regarding the stiffness of the exocuticle a 
similar trend can be observed. The stiffness of the tooth amounts to 26 GPa in the normal and 
23 GPa in the transverse direction which is more than twice as high as the stiffness of the 
shell (10 GPa and 9 GPa) (Table 11). As for the hardness, the maximal stiffness is obtained in 
the normal direction.  
In the endocuticle the hardness varies less within the tested samples. In the normal direction 
the hardness for all samples reaches values of approximately 200 MPa (Table 10). The 
hardness values determined in the transverse direction of the endocuticle amount to 
approximately 240 MPa in the shell and approximately 300 MPa in the tooth. The lowest 
hardness values are observed in the membrane which amount to 100 MPa in the normal 
direction and to a 20% higher value of 120 MPa in the transverse direction. Regarding the 
stiffness of the endocuticle, the determined values in the normal direction are 6 GPa in the 
shell and 4 GPa in the tooth. In the transverse direction the stiffness of the shell amounts to 7 
GPa and that of the tooth to 12 GPa (Table 10). In the membrane there is a pronounced 
difference between the stiffness in both directions. The stiffness reaches a value of about 5 
GPa in the transverse direction and only 3 GPa in the normal direction. Noteworthy, in the 
endocuticle the maximal hardness and stiffness is observed in the transverse direction which 
is the opposite case in the exocuticle. This orientation dependence of the properties shows that 
there is a pronounced anisotropy in both layers of the material.  
Regarding the layer-specific anisotropy of hardness and stiffness, the pronounced fiber texture 
of the cuticle can induce this effect assuming different mechanical properties of the fibers in 
their longitudinal and transverse axis (Raabe et al., 2006). In the case of the lobster cuticle, 
probed in the normal direction, the mechanical response is limited to the properties of the 
fibers in their transverse axis. Probing in the transverse direction of the cuticle, both the 
properties of the fibers in their longitudinal and transverse axis contribute to the mechanical 
response due to the rotation of the fibers around the normal direction of the cuticle, the size of 
the indents and the extension and distribution of the indentation patterns. In the case of the 
chitin-protein fibers one may assume that they resist mechanical loads better in their 
longitudinal axis than in their transversal axis. Interestingly, this trend is not affected by the 
grade of mineralization as the hardness and stiffness are also higher in the transverse direction 
of the articular membranes which are not mineralized (see Fig. 16). However, the orientation 
of the fibers can not explain why hardness and stiffness of the exocuticle display opposite 
behavior. Due to the lower stacking height in the exocuticle, the indenter interacts with a 
volume of the sample where the fiber planes rotate at higher angles around the normal 
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direction of the cuticle and thus complete a rotation of 180° over a smaller distance than in the 
endocuticle. This higher rotation density of the material together with the higher grade of 
mineralization indicated by the EDX analysis might outweigh the influence of the fiber 
texture on the mechanical properties of the exocuticle. Similar anisotropic behavior due to 
fiber orientation was before observed in human bone (Fan et al., 2002).  
A comparison of the hardness and the stiffness obtained for all samples reveals a pronounced 
gradient of these properties from the exocuticle to the endocuticle. Particularly in the tooth, 
the hardness decreases about 69% in the normal direction and 41% in the transverse direction 
along with a reduction of the stiffness about 84% in the normal direction and 48% in the 
transverse direction. In the shell the hardness changes 35% in the normal direction and 11% in 
the transverse direction from the exocuticle to the endocuticle. The stiffness amounts 40% 
less in the normal direction and 22% in the transverse direction from the exocuticle to the 
endocuticle. The distinct variations in hardness and stiffness between exocuticle and 
endocuticle of all investigated samples can be explained by a different grade of 
mineralization. The influence of the different stacking heights of the Bouligand layers can not 
be evaluated but previously performed bending tests indicate that the elastic properties are 
mainly defined by the grade of mineralization and hydration of the cuticle. The comparison 
between the microstructure of the exocuticle and the endocuticle shows that the stacking 
height in the exocuticle is three times higher than in the endocuticle which is caused by 
differences in the rotation angles of the twisted plywood layers. The EDX mappings reveal a 
strong and sharp gradient in the calcium content between exo- and endocuticle. Qualitative 
EDX mapping for calcium can be used as an indication for the grade of mineralization.  
While hardness and stiffness of the endocuticle do not vary significantly between the samples 
from the two different locations there are however distinct variations in these properties in the 
exocuticle of samples from the shell and the tooth. The hardness and stiffness of the tooth 
exocuticle is much higher than the values determined for shell exocuticle. This corresponds 
well with the different biological functions of the exoskeleton in these two investigated areas. 
The special function of the tooth as a crushing tool certainly requires a higher hardness and 
wear resistance compared to the cuticle in the shell areas which have only structural function. 
This task is accomplished through a much higher grade of mineralization in the tooth as 
indicated by the qualitative EDX mappings (Fig. 58 and 18). A similar adaptation of the 
cuticle to a specific function has been shown before for the smashing limb of the mantid 
shrimp Gonodactylus, where the cuticle becomes harder and increasingly mineralized towards 
the outside, which is used to smash hard-shelled prey (Currey et al., 1982). In contrast, the 
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articular membranes are not subjected to mechanical loads but need to be extremely flexible. 
Their mechanical properties are dramatically affected by the state of hydration compared to 
the mineralized cuticle (see Fig. 31). Due to the experimental procedure the test specimens 
were dehydrated leading to a strong increase in the stiffness and the hardness. Hence, the 
mechanical data reflect the natural state much less than in the mineralized cuticle.  
 
4.3.2 Scanning nanoindentation 
 
In biological materials the mechanical properties vary at the different length scales due to 
their hierarchical organization. In the lobster cuticle the mechanical properties of the two 
structurally relevant layers, the exocuticle and the endocuticle, are defined by the twisted 
plywood structure with its different stacking height, the presence of the well-developed pore 
canal system and mechanical properties of mineralized chitin-protein fibers themselves. To 
understand the basic principles of different design strategies, it is crucial to obtain intrinsic 
mechanical properties of such components as the mineralized chitin-protein fibers on the 
microscopic scale and link them to structural properties such as the stiffness of a plywood-like 
or honeycomb-like structure on the macroscopic scale. Scanning nanoindentation allows 
investigating the mechanical properties of the mineralized chitin-protein fibers both in the 
exocuticle and in the endocuticle.  
The overlay of the wavelike profiles of the reduced elastic modulus and the hardness with the 
light micrographs of the measurement fields in the exo- and the endocuticle reveals a strong 
correlation between both profiles and the microstructure. The stacking height which amounts 
to about 10 µm and 30 µm in the exo- and the endocuticle is consistent with the wavelength 
of the reduced elastic modulus and the hardness in both layers. Due to minor misalignment 
between the fiber planes and the line of indents in each row and the surface roughness of the 
cross-section the scatter of the obtained values is rather high. Particularly, the stacking height 
which is three times smaller in the exocuticle than in the endocuticle decreases the spatial 
resolution which in turn increases the noise in the profile of the reduced elastic modulus and 
the hardness. Nevertheless, the fit of the data matches the stacking height of the 
microstructure accurately but less precisely. Additionally, the reduction of the stacking height 
from the endo- to the exocuticle leads to a difference in the probed volumes. A maximum 
indent size of about 0.8 µm in the exocuticle and about 1.1 µm in the endocuticle leads to an 
interaction of fibers with an angle variation of 7° in the endocuticle and 14° in the exocuticle. 
The comparison between the rotation angle and the reduced elastic modulus reveal the 
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difference in the mechanical response of the mineralized chitin-protein fibers depending on 
their orientation. In the direction of the fiber axis which is the direction along the covalent 
backbone of the chitin crystallites the fibers show the highest stiffness response. A gradual 
change of the orientation towards the direction which is perpendicular to the fiber axis leads 
to a decrease in the stiffness. A change of elastic properties of the chitin crystallites may cause 
this effect but also a change of the deformation mode towards bending might play a role. A 
comparable modulation of the reduced elastic modulus was observed in the lamellar structure 
of osteons found in human femoral compact bone. However, the orientation dependence of 
the elastic properties could not be explained exclusively by the presence of a twisted plywood 
structure as the grade of mineralization also varied periodically (Gupta et al., 2006). The 
comparison of the reduced elastic modulus and the hardness between the endocuticle and the 
exocuticle for the same rotation angles allows evaluating the effect of mineralization on the 
mechanical properties depending on the fiber orientation. An increase of the mineral content 
has a stronger effect on the mechanical properties in the direction parallel to the fiber than 
along the fiber axis. In the direction perpendicular to the fiber axis both the reduced elastic 
modulus and the hardness are increased by a factor of 1.6 from the endo- to the exocuticle 
while this factor only amounts to about 1.2 in the direction parallel to the fiber axis. In the 
mineralized chitin-protein fibers the chitin crystallites are aligned with their stiffest direction 
along the fiber axis which limits the effective increase of stiffness by interspersing biomineral 
particles between them. Remarkably, a linear relationship between the reduced elastic 
modulus and the hardness was found whose ratio is similar in the endocuticle and the 
exocuticle despite the different grade of mineralization of the two layers. In other mineralized 
tissues like bone and dentine the hardness seems to be also linearly proportional to the 
reduced elastic modulus (Angker et al., 2005; Chang et. al., 2003; Zysset et al., 1999).  
The hardness as the resistance against penetration of the indenter in the material consists of an 
elastic and a plastic portion. A comparison between the elastic and the plastic part of the 
indentation gave a ratio of 0.56 ± 0.04. This suggests that the underlying deformation 
mechanism or barriers for plastic deformation are independent of the grade of mineralization.  
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5 Summary and conclusions 
 
In biological materials such as the cuticle of the American lobster Homarus americanus the 
mechanical properties and the microstructure are well adjusted to the biological function 
fulfilled by distinct parts of the exoskeleton. A major design principle in nature is the 
hierarchical organization which is perfectly implemented in the exoskeletons of crustaceans. 
It allows additional modulation of the mechanical properties on different length scales of the 
material.  
On the macroscopic scale compression, tensile and bending tests revealed several factors 
which influence the elastic properties of the lobster cuticle. The two main factors are the 
grade of mineralization and the grade of hydration. In the rigid parts of the claws the grade of 
mineralization varies between 65 wt.% and 75 wt.% in the endocuticle which leads to a 
dramatic change of the structural stiffness from 3 GPa to 7 GPa in the wet state. The structural 
stiffness of the endocuticle can be further increased to 4 GPa and 8 GPa by dehydration. The 
effect of dehydration depends on the grade of mineralization as the change in the structural 
stiffness of the endocuticle is less pronounced for higher mineralization. In contrast, the 
elastic properties of the flexible articular membranes which are non-mineralized are strongly 
affected by the grade of hydration. In the wet state their structural stiffness amounts to 0.2 
GPa but in the dry state to 4 GPa. In the exocuticle the grade of mineralization is further 
increased to about 80 wt.% resulting in a structural stiffness of 9 GPa in the wet state and 
almost 11 GPa in the dry state. The stacking height of the twisted plywood structure which 
differs by a factor of three between the exocuticle and the endocuticle does not seem to affect 
the elastic properties significantly but might affect the fracture toughness of both layers. 
Remarkable is the excellent mechanical stability of the interface between the two layers 
considering the abrupt transition in the elastic properties and in the microstructure from the 
exo- to the endocuticle. The presence of a well developed and periodically arranged pore 
canal system leads to a honeycomb-like structure which alters the elastic properties for 
different orientations with respect to the microstructure. Particularly, the Poisson’s ratio 
shows a strong orientation dependence but is neither affected by the grade of mineralization 
nor the grade of hydration indicating that it is rather a structural than an intrinsic property of 
the endocuticle.  
The elastic-plastic deformation behavior of the endocuticle was examined by performing 
tensile and compression tests in the dry and in the wet state. By applying digital image 
correlation during testing, the evolution of the elastic-plastic deformation at the microscopic 
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scale was observed via a detailed strain analysis with high resolution. Like the elastic 
properties, the deformation and fracture behavior is influenced by the grade mineralization 
and the grade of hydration. Under tension both the mineralized endocuticle and the non-
mineralized membrane specimens failed catastrophically in a brittle manner in the dry state. 
In contrast, in the natural wet state the mineralized endocuticle specimens showed an onset of 
plastic deformation and a stepwise crack propagation while the non-mineralized membrane 
specimens displayed an enormous deformability by reaching a strain to fracture of up to 14% 
compared to 2% in the mineralized cuticle. The local strain patterns of the endocuticle were 
found to be heterogeneous in the dry state and in the wet state. The wavelength of the strain 
patterns (peak-to-peak spacing) was in the order of 430 µm for the dry specimens and 460 µm 
for the wet specimens. A similar strain pattern could not be observed in the non-mineralized 
membrane specimens. The strain pattern might be caused by local differences in the grade of 
mineralization or natural defects such as cuticular pores. Under compression the endocuticle 
displays a pronounced anisotropy when mechanical loads are applied from different directions 
with respect to its microstructure. The compression tests revealed that the endocuticle deforms 
similar to a honeycomb structure. When tested in the normal direction of the cuticle (out of 
plane) it shows an onset of plastic deformation. However, in the transverse direction (in 
plane) the endocuticle displays an extended plateau region where the microstructure collapses 
followed by further densification. The strain maps and profiles show that the geometry of the 
test specimens tested in the transverse direction changes only in the direction perpendicular to 
the pore canals. The observed broadening is caused by the collapse of the pore canal system’s 
cavities. Whether the structure is dry or still hydrated seems to play only an insignificant role 
in the deformation behavior but affects the required forces. It is noteworthy that the fracture 
plane in samples tested in the transverse direction is oriented 45° to the compression direction 
and that the structure fails along the long axis of the pore canals. The shear tests confirmed 
that this mode of fracture requires significantly less energy than any alternative possibilities.  
On the microscopic scale, micro- and nanoindentation were employed to investigate the local 
mechanical properties of the exocuticle and the endocuticle from distinct parts of the claws 
including the reinforced tooth-like regions and the articular membranes. Due to the 
pronounced fiber texture, a distinct anisotropy of the mechanical properties was observed in 
the endocuticle which results in a maximum of hardness and stiffness in the transverse 
direction. In contrast, the maximum hardness and stiffness in the exocuticle was observed in 
the normal direction. The lower stacking height of the twisted plywood layers and the 
increased grade of mineralization in the exocuticle might lead to different mechanical 
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properties and outweigh the influence of the fiber texture. In the tooth-like region the hardness 
and stiffness of the exocuticle is more than twice the values determined for the exocuticle of 
the neighboring claw parts. Further, the exocuticle is enlarged and heavily mineralized in this 
distinct area. This corresponds well with the different biological functions of the exoskeleton 
in the investigated areas. The special function of the tooth as a crushing tool certainly requires 
a higher hardness and wear resistance compared to the cuticle in the adjacent areas which 
have only structural function. In contrast, the articular membranes which are not subjected to 
mechanical loads display a lower hardness and stiffness. The elastic properties and the 
hardness of the individual fibers depend on their spatial orientation and grade of 
mineralization. The mineralized fibers are stiffer and harder along the fiber axis than 
perpendicular to it because the orientation of covalent bonds in the chitin nanofibrils 
corresponds to the long fiber axis. As pointed out before, the increase of the average stiffness 
and hardness from the endocuticle to the exocuticle is caused by a higher grade of 
mineralization. A higher volume fraction of incorporated mineral particles affects the 
perpendicular direction of the fibers to a greater extent than the inherently stiffer and harder 
long axis.  
The combination of several basic structural concepts such as the twisted plywood structure 
and the honeycomb structure which can be found in the cuticle of the American lobster leads 
to a highly efficient material with respect to material consumption and usage. Considering the 
diverse habitats that are occupied by arthropods and the time since they have evolved, 
possession of an exoskeleton that can be modified in-vivo has been proven to be a successful 
approach for more than 500 million years. To gain a broader understanding of the structure-
mechanical function relations, different arthropods or other functional units of the lobster such 
as its joints could become the focus of further investigation due to the specific requirements 
imposed on them. Essential is also a better understanding of the mechanical properties on the 
nanometer scale which are difficult to examine experimentally. Multi-scale modeling may 
provide a better insight into the role of amorphous calcium carbonate (ACC), chitin, protein, 
their interfaces and their spatial arrangement for the mechanical properties on the nanometer 
scale and the higher levels in the hierarchical organization. Eventually, biological materials 
such as the lobster cuticle with its various design principles may serve as a template for 
advanced composite materials.  
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